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The P i e r r e  Shale o f  the Nor the rn  Great  P l a i n s  
area o f  the Uni ted Sta te  i s  an Upper Cretaceous shale 
which was de p o s i te d  in a mar ine  en v i r onmen t .  Geotech-  
n i c a l l y ,  t he  sha le  has been c l a s s i f i e d  as an o v e r ­
c o n s o l i d a t e d  c l a y - s h a l e .  In South Dakota the  P i e r r e  
Shale crops out  e x t e n s i v e l y  in  the c e n t r a l  and western 
p o r t i o n s  o f  the s t a t e .
In t h i s  s t udy  an i n v e s t i g a t i o n  was conducted f o r  
t he purpose o f  c l a r i f y i n g  and examining the e x i s t e n c e  o f  
a d i s c r e p a n c y  between g e o t e c h n i c a l 1y and g e o l o g i c a l l y  
d e r i v e d  e s t i m a t e s  o f  maximum past  overburden f o r  t he  
P i e r r e  Shale at Hayes, South Dakota.
The g e o l o g i c a l  d e t e r m i n a t i o n  i n v o l v e d  examining t h e  
t o p o g r a p h i c  high p o i n t s  o f  c e n t r a l  South Dakota f o r  the 
purpose o f  l o c a t i n g  the remnants o f  any T e r t i a r y  rock  
t h a t  may have e x i s t e d  i n  the area.  Based on t h i s  f i e l d  
ev id e n c e ,  a g e o l o g i c  p r o f i l e  showing e s t im a t e d  t h i c k n e s s  
o f  f o rm er  s t r a t a  in  the area was c o n s t r u c t e d  and the 
maximum t h i c k n e s s  o f  pas t  overburden was e s t im a t e d  f o r  
t he  Hayes s t udy  s i t e .
The g e o t e c h n i c a l  d e t e r m i n a t i o n  was made by 
c o n d u c t i n g  l a b o r a t o r y  h i g h - p r e s s u r e  c o n s o l i d a t i o n  t e s t s  
on samples f rom cores f rom Hayes. P r e c o n s o l i d a t i o n  
p ressu res  were e s t im a te d  f rom the c o n s o l i d a t i o n  cu r ve s  
and the  va lues  were co nv e r t ed  to  t h i c k n e s s  of  ove rb u r de n .
i i i
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The g e o l o g i c a l  d e t e r m i n a t i o n  o f  the maximum t h i c k n e s s  
o f  past  ove rburden i n d i c a t e s  t h a t  600 to  1100 f e e t  (183 to
335 m) of  T e r t i a r y  rock and Cretaceous P i e r r e  Shale has
been removed by e r o s i o n  at  t he  Hayes s i t e .  Geotech-  
n i c a l l y ,  t he  p r e c o n s o l i d a t i o n  p ressu res i n d i c a t e  t h a t  3600 
to  5000 f e e t  (1100 to  1525 m) o f  m a t e r i a l  has been
removed.  The d i s c r e p a n c y  t h a t  e x i s t s  between the
g e o l o g i c a l  and g e o t e c h n i c a l  d e t e r m i n a t i o n s  i s  co n s id e re d  
s i g n i  f i  c a n t .
Because i t  was b e l i e v e d  the g e o t e c h n i c a l  e s t im a t e  
was too h igh  i n s t e a d  o f  t he  g e o l o g i c a l  too low,  the  
search f o r  t he cause o f  the d i s c r e p a n c y  cen te red  on those 
f a c t o r s  known to  a f f e c t  t he  d e t e r m i n a t i o n  o f  the p r e c o n ­
s o l i d a t i o n  p r e s s u r e ,  Pc .
L a b o r a t o r y  f a c t o r s  were r u l e d  out  because t h e i r  
a f f e c t  i s  to  reduce the e s t i m a t e d  Pc , thus reduc ing  the 
d i s c r e p a n c y .  Of t he  g e o l o g i c a l  f a c t o r s  t h a t  are known t o  
i n c r e a s e  Pc , o n l y  two war ran ted  assessment in t h i s  s tudy  
— cemen ta t i on  and delayed c o n s o l i d a t i o n .  By d e f a u l t ,  
t hese  two mechanisms appear to  be the p o s s i b l e  causes f o r  
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1.1 The General  Problem
Past work by t h i s  au tho r  and o t h e r  i n v e s t i g a t o r s  
i n d i c a t e d  t h a t  f o r  c e r t a i n  g e o lo g i c  m a t e r i a l s  s i g n i f i c a n t  
d i s c r e p a n c i e s  e x i s t  between the g e o t e c h n i c a l 1y and the 
g e o l o g i c a l l y  d e r i v e d  e s t i m a t e s  o f  maximum past  
o v e r b u r d e n .
Maximum past  overburden r e f e r s  to  the g r e a t e s t  
t h i c k n e s s  o f  sediment  t h a t  has ever  o v e r l a i n  a p a r t i c u l a r  
p o i n t  i n  a se d i m en t a r y  sequence.  Es t ima tes o f  maximum 
past  ove rburden are g e n e r a l l y  d e r i ve d  f rom e i t h e r  
" g e o l o g i c  ev idence"  or  " g e o t e c h n i c a l  1y determined 
p r e c o n s o l i d a t i o n  p r e s s u r e s . "
T h e o r e t i c a l l y ,  i f  a l l  f a c t o r s  are taken i n t o  
a c co un t ,  p r e c o n s o l i d a t i o n  p ressu res  can be co nv e r t ed  t o  
ac cu ra t e  overburden t h i c k n e s s e s ,  and v i c e  v e r s a .  R a re l y ,  
t ho ug h ,  can a l l  f a c t o r s  be taken i n t o  accoun t .  Thus,  in  
some cases the g e o t e c h n i c a l 1y determined p r e c o n s o l i d a t i o n  
p r ess u r es  i n d i c a t e  the amount o f  overburden m a t e r i a l  
necessa ry  to  ach ieve the  p res en t  degree o f  c o n s o l i d a t i o n  
i s  l ess  than what t he g e o l o g i c  ev idence i n d i c a t e s  was 
p r e s e n t ;  and, i n  o t h e r  cases the  exact  o p p o s i t e  s i t u  at ion 
occu rs  — the p r e c o n s o l i d a t i o n  p ressu res  are too h igh  to  
be a t t r i b u t e d  to the g e o l o g i c a l l y  de te rm ined  amount of 
maximum past  overburden (Sp ang le r  and Handy, 1982) .
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I t  needs to  be rec ogn ize d  t h a t ,  here ,  " g e o l o g i c  
ev ide nc e"  r e f e r s  o n l y  to  f i e l d - i d e n t i f i a b l e  t h i c k n e s s e s  
o f  overburden m a t e r i a l ,  past  and/or  p r e s e n t ;  and, 
" g e o t e c h n i c a l l y  de termined p r e c o n s o l i d a t i o n  p r e s s u r e s "  
are de termined by l a b o r a t o r y  c o n s o l i d a t i o n  t e s t s  
conducted and i n t e r p r e t e d  in  accordance w i t h  c o n v e n t i o n a l  
g e o t e c h n i c a l  e n g in e e r i n g  p r a c t i c e .
When a d i s c r e p a n c y  as d e sc r i be d  above o c c u r s ,  a 
search f o r  the m i s s i n g ,  o r  m is u n de r s to o d ,  f a c t o r ( s )  can 
be made. The u n a c c o u n t e d - f o r  f a c t o r s  r e s p o n s i b l e  f o r  a 
d i s c r e p a n c y  may i n c l u d e  g e o l o g i c  f a c t o r s  as we l l  as 
f a c t o r s  t h a t  are not  p r o p e r l y  s im u la t e d  in c o n v e n t i o n a l  
l a b o r a t o r y  c o n s o l i d a t i o n  t e s t s .  In the past  i t  has been 
shown t h a t  f o r  t he cases where the p r e c o n s o l i d a t i o n  
p re ss u re s  appear to be too low f o r  what the g e o l o g i c  
ev idence  i n f e r s ,  t he  d i s c r e p a n c y  cou ld be a t t r i b u t e d  t o  
e i t h e r  sample d i s t u r b a n c e  or  the p o s s i b i l i t y  t h a t  the 
m a t e r i a l  was o n l y  r e c e n t l y  d e p o s i t e d .  In the s i t u a t i o n  
where the  p r e c o n s o l i d a t i o n  p ressu res  are h i g h e r  than 
i n f e r r e d  by the g e o l o g i c  e v id e n ce ,  numerous mechanisms 
have been de sc r i be d  to  help e x p l a i n  why the  discrepancy 
o c c u r s .  Among these mechanisms are t ime -de pe nd en t  
de layed c o n s o l i d a t i o n  and c e m e n t a t i o n .
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This s t ud y  i d e n t i f i e s  and c h a r a c t e r i z e s  a 
max imum-past -overburden d i s c r e p a n c y  i n  a p a r t i c u l a r  
g e o l o g i c  m a t e r i a l  and then examines the e x t e n t  t o  which 
the p r e v i o u s l y  ment ioned f a c t o r s  and mechanisms cou ld  
have caused t h a t  d i s c r e p a n c y .
1.2 The S p e c i f i c  Problem
A s p e c i f i c  example o f  a m a t e r i a l  f o r  which the 
p r e c o n s o l i d a t i o n  p ressu res  appear to  be too h igh f o r  t h e  
f i e l d - i d e n t i f i a b l e  amount o f  maximum past  overburden i s  
t he  P i e r r e  Shale .
The Pi e r r e  Shale i s  a Late Cretaceous d e p o s i t  
d e r i v e d  p r i m a r i l y  f rom c la y s  and s i l t s  which s e t t l e d  t o  
the  bot tom o f  a broad e p e i r i c  sea t h a t  covered what is  
now the  Great  P l a i n s  s t a t e s  and c o n t i g u o us  areas to the  
west  and n o r t h  ( i n t o  Canada).  In the Un i ted  Sta tes  the 
major  areas o f  exposure o f  t he  P i e r r e  Shale are in n o r t h -  
c e n t r a l  Montana and in  c e n t r a l  South Dakota where the 
s t r a t a  are g e n e r a l l y  f l a t  l y i n g  and have broad areas o f  
o u t c r o p .
E x i s t i n g  ev idence conce rn ing  a d i s c r e p a n c y  between 
g e o l o g i c  and g e o t e c h n i c a l  e s t im a t e s  o f  maximum past  
ove rburden f o r  the P i e r r e  Shale c o n s i s t s  p r i m a r i l y  of  
t h a t  p resen ted  in  s t u d i e s  by F lem ing ,  Spencer ,  and Banks 
(1970)  and McKown and Ladd (1982 ) .  F l e m in g ' s  s tudy
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examined the s i t u a t i o n  f o r  a l o c a t i o n  w i t h i n  the M issour i  
R i ve r  t r e n c h  in  c e n t r a l  South Dakota w h i l e  McKown's 
i n v e s t i g a t i o n  focused on the problem at a s i t e  in  
n o r t h e a s t  Nebraska,  again w i t h i n  the M iss ou r i  R i v e r  
t r e n c h .
In 1982 t h i s  au tho r  had the  o p p o r t u n i t y  t o  o b t a in  
core samples o f  t he  P i e r r e  Shale f rom a U.S. G e o lo g i c a l  
Survey (USGS) d r i l l  s i t e  in c e n t r a l  South Dakota l o ca te d  
se ve ra l  m i l e s  west o f  t he  M is s o u r i  R i ve r  t r e n c h .  At t he  
same t ime  the o p p o r t u n i t y  a lso e x i s t e d  f o r  t h i s  au tho r  to  
deve lop f o r  the USGS a l a b o r a t o r y  appara tus  wh ich ,  as one 
o f  i t s  c a p a b i l i t i e s ,  cou ld  be used to conduct  
h i g h - p r e s s u r e  one -d im en s io na l  c o n s o l i d a t i o n  t e s t s  on 
s t i f f  sha le  m a t e r i a l .
The U.S. Army Corps o f  Engineers a few years  e a r l i e r  
had conducted h i g h - p r e s s u r e  one -d imens iona l  c o n s o l i d a t i o n  
t e s t s  f o r  the USGS on P i e r r e  Shale core samples which 
came f rom the same area as the  1982 USGS c o r e s .  Noth ing  
r e l a t e d  t o  maximum past  overburden had been done w i t h  
t h i s  data  u n t i l  t h i s  au th o r  i n t e r p r e t e d  and used i t  i n  
t h i s  s t u d y .
Dur ing  the summers o f  1983 and 1984 a g e o l o g i c  f i e l d  
i n v e s t i g a t i o n  was conducted by t h i s  au tho r  in c e n t r a l  
South Dakota f o r  the purpose o f  g a t h e r i n g  data f o r  use in
ER-3202 5
examining the problem t h i s  s tu dy  addresses,  namely the 
compar ison o f  g e o t e c h n i c a l 1y and g e o l o g i c a l l y  d e r i v e d  
e s t im a t e s  o f  maximum past  overburden in  the P i e r r e  
Sh a l e .
1.3 Purpose o f  Study
The purpose o f  t h i s  s t u d y  was to  examine a suspected 
d i s c r e p a n c y  between g e o t e c h n i c a l l y  and g e o l o g i c a l l y  
d e r i v e d  e s t i m a t e s  o f  maximum past  overburden f o r  the 
P i e r r e  Shale i n  the Hayes area o f  c e n t r a l  South Dakota.  
More s p e c i f i c i a l 1y , the purpose was to c l a r i f y  the na tu re  
and magni tude o f  the d i s c r e p a n c y ,  i n c l u d i n g  i t s  v a r i a t i o n  
w i t h  d e p th ,  and to  i d e n t i f y  and e v a l u a t e  the p o s s i b l e  
causes o f  t he d i s c r e p a n c y .
1.4 Scope o f  Study
The s tu d y  had f i v e  major  components to i t  wh ich ,  in  
essence,  r e f l e c t  the scope of  the s t u d y .  They were:
1. Deve lop ing a h i g h - p r e s s u r e  co n s o l i d o m e t e r  f o r  
p e r f o r m i n g  one -d im en s io na l  c o n s o l i d a t i o n  t e s t s  
on c l a y - s h a l e  samples;
2. Pe r fo rming  one -d i m en s io na l  c o n s o l i d a t i o n  t e s t s  
on P i e r r e  Shale samples o b t a in e d  by the U.S. 
G e o lo g i ca l  Survey d u r i n g  a 1982 d r i l l i n g  program 
conducted near Hayes, South Dakota;
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3. Examining and i n t e r p r e t i n g  the data f rom 
one-d im en s io na l  c o n s o l i d a t i o n  t e s t s  t h a t  were 
per formed by the U.S. Army Corps of  Engineers on 
P i e r r e  Shale samples ob ta in e d  by the U.S. 
G e o lo g i c a l  Survey d u r i n g  a 1978 d r i l l i n g  program 
conducted near Hayes, South Dakota,
4.  Conduct ing g e o l o g i c a l  f i e l d  i n v e s t i g a t i o n s  in 
c e n t r a l  South Dakota i n  an area s u r rou nd in g  
Hayes; and
5.  A s s i m i l a t i n g  the f i e l d ,  l a b o r a t o r y ,  and
p r e v i o u s - s t u d i e s  i n f o r m a t i o n  in o rde r  to be ab le  
t o  achieve the  go a ls  se t  f o r t h  f o r  t h i s  s t u d y .
1.5 S t u d y - S i t e  L o c a t i o n  D e s c r i p t i o n
The s t ud y  area i s  l o c a t e d  in  S ta n l ey  and Haakon 
Count ies  i n  c e n t r a l  South Dakota.  The communi ty o f  Hayes 
i n  S t a n le y  County i s  s i t u a t e d  in the m i dd le  of  the area 
and i s  l o c a t e d  32 m i l e s  (52 km) due west o f  the s t a t e  
c a p i t o l ,  P i e r r e .  A p r e c i s e  d e l i n e a t i o n  of  a boundary f o r  
t he  s t u d y  area was no t  p r a c t i c a l  f rom a g e o l o g i c a l  
s t a n d p o i n t ;  f o r  purposes o f  r e f e r e n c e ,  however,  a c i r c l e  
w i t h  Hayes as the c e n t e r p o i n t  and hav ing a r a d i u s  of  
a p p r o x i m a t e ! y  ten m i l e s  d e f i n e d  a " s t u d y  a re a . "  This 
area i s  l o c a t e d  atop a broad p la t e a u  bounded by the Bad 
R ive r  d r a in ag e  on the s ou th ,  t he  M is so ur i  R i ve r  t re n c h  on
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t he e a s t ,  and the Cheyenne Rive r  d ra inage  on the no r th  
and west ( F i g u r e  1 ) .
Cen t ra l  South Dakota be longs in  the p h y s i o g r a p h i c  
p r o v i n c e  known as the  Great  P l a i n s .  The Great  P l a i n s  
p r o v i n c e  i s  made up o f  many s e c t i o n s ,  each w i t h  i t s  own 
geomorphic c h a r a c t e r i s t i c s .  The s tudy  area i s  l o c a t e d  i n  
the  M is so u r i  P la teau s e c t i o n  o f  the Great  P l a i n s  and, 
s p e c i f i c a l l y ,  in  t he  u n g l a c i a t e d  p o r t i o n  o f  the M i s s o u r i  
P la teau where e r o s i o n  o f  the e x t e n s i v e  s u r fa c e  exposure 
o f  t he  P i e r r e  Shale has produced the P i e r r e  H i l l s .  The 
P i e r r e  H i l l s  p h y s i c a l  d i v i s i o n  i s  c h a r a c t e r i z e d  by mature 
topog rap hy  o f  low r o l l i n g  h i l l s  and a w e l 1 - i n t e g r a t e d  
d r a in ag e  system.  Downcut t ing  by the M iss ou r i  R i ve r  has 
r e j u v e n a t e d  the d r a i na g e  system,  and s t e e p - w a l l e d  
y o u t h f u l  v a l l e y s  now are enc roach ing  on the r o l l i n g  
uplands ( E r s k i n e ,  1973) .  Local  e l e v a t i o n  r e l i e f  in  t h e  
s tudy  area i s  l es s  than 500 f e e t  (152 m) .
The P i e r r e  Shale cores which were s t u d ie d  as a p a r t  
o f  t h i s  max imum-pas t -overburden i n v e s t i g a t i o n  came f rom 
two USGS s i t e s  l o c a t e d  w i t h i n  two m i le s  (3 .2  km) o f  each 
o t h e r  along U.S. Route 14 i n  S ta n le y  County.  The two 
d r i l l  s i t e s  were g iven  the  i d e n t i f y i n g  d e s i g n a t i o n s  H2 
and H12. H2 was d r i l l e d  in the summer o f  1978 and was 
s i t u a t e d  west o f  Hayes at  an e l e v a t i o n  o f  a p p r o x i m a t e l y  
2030 f e e t .  H12 was d r i l l e d  in  the summer o f  1982 and was




































s i t u a t e d  in  eas t  Hayes at  an e l e v a t i o n  o f  a p p r o x i m a t e l y  
2080 f e e t .  Both s i t e s  were d r i l l e d  us ing an a i r  d r i l l i n g  
( r o t a r y )  t e c h n i q u e .  The ho les  went t o  depths o f  a lmost  
600 f e e t  (183 m).  The P i e r r e  Shale sequence i s  
a p p r o x i m a t e l y  1000 f e e t  (305 m) t h i c k  at  these 
1o c a t i  o n s .
1 .6  Overview o f  P rev ious S t ud ies
Past  work i n  the  P i e r r e  Shale o f  South Dakota f a l l s  
p r i m a r i l y  i n t o  one o f  t h r e e  c a t e g o r i e s  — " p u r e ” g e o l o g i c  
s t u d i e s ,  dam c o n s t r u c t i o n  on the  M is so ur i  R i v e r ,  or  s lope 
s t a b i l i t y  i n v e s t i g a t i o n s  ( o t h e r  than those  r e l a t e d  to  dam 
c o n s t r u c t i o n ) .  Cu r re n t  s t u d i e s  i n  the  P i e r r e  Shale 
r e l a t e  to  hazardous waste r e p o s i t o r y  s i t e  i n v e s t i g a t i o n s  
and h ighway c o n s t r u c t i o n  and maintenance i s s u e s .
"Pure"  g e o l o g i c  s t u d i e s  o f  the P i e r r e  Shale i n  South 
Dakota are not  as numerous as one m igh t  su sp e c t .  The 
account  o f  the g e o l o g i c  h i s t o r y  o f  c e n t r a l  South Dakota 
t h a t  i s  r e fe r e n c e d  most o f t e n  i s  t h a t  by D. R. C r ande l l  
( 1 9 5 8 ) .  Others have d i scussed  the g e o l o g i c  s e t t i n g  o f  
t he  P i e r r e  Shale i n  a more r e g i o n a l  c o n t e x t  ( T o u r t e l o t ,  
1962;  G i l l  and Cobban, 1961, 1973; S c h u l t z ,  1965; S c h u l t z  
and o t h e r s ,  1980) .  The P l e i s t o c e n e  geo logy  o f  eas te rn  
South Dakota was examined in  d e t a i l  by R. F. F l i n t
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(1 95 5 ) ,  w h i l e  Cr ande l l  (1953) s t u d ie d  the P l e i s t o c e n e  in 
the  c e n t r a l  p a r t  o f  t he s t a t e .
The number o f  i n v e s t i g a t o r s  who d i r e c t l y  addressed 
the  i ssue  o f  maximum past  overburden o f  t he  P i e r r e  Shale 
i n  South Dakota i s  q u i t e  s m a l l .  The s tudy  by F leming,  
Spencer and Banks (1970) i s  t he o n l y  s i g n i f i c a n t  one t h a t  
can be r e fe r e n c e d  when g e o l o g i c a l l y  ve rsus  g e o t e c h n i c a l 1y 
d e r i v e d  e s t im a t e s  are d i s c u s s e d .
C u r r e n t l y ,  numerous USGS r e s e a r c h e rs  are examining 
v a r i o u s  aspects  o f  t he P i e r r e  Shale i n  South Dakota.  
I n c l ud ed  are T. C. N ic h o ls  ( e n g i n e e r i n g  c h a r a c t e r i ­
z a t i o n ) ,  D. S. C o l l i n s  ( g e o l o g y ) ,  K. E. Kolm, A. F. 
Ch leborad ,  and G. W. Shurr  ( t e c t o n i c s ) ,  C. E. Neuz i l  
( g roundwate r  f l o w ) ,  and H. W. Olsen (chemica l  o s m o s i s ) .  
See Reference L i s t .
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2. GEOLOGICAL DETERMINATION OF 
MAXIMUM PAST OVERBURDEN
2.1 Techniques f o r  Making Ge o lo g i ca l  D e t e r m i n a t i o n  
In an a t tempt  to  de te rm ine  the t h i c k n e s s  of  
overburden eroded away in  c e n t r a l  South Dakota at t h e  
Hayes s t u d y  area,  f i e l d  work f o r  t h i s  s tu dy  was 
conducted by t h i s  au tho r  d u r i n g  the summers o f  1983 and 
1984 f o r  t he  purpose o f  f i n d i n g  remnants ( f l o a t  or  in  
s i t u )  o f  Cenozoic ( p a r t i c u l a r l y  T e r t i a r y )  m a t e r i a l  t h a t  
may have e x i s t e d  in  the area.
In o rd e r  to e v a l u a t e  whether  or  not  t he  m a t e r i a l  
found in  the f i e l d  was T e r t i a r y  i n  age, a work ing 
knowledge about  t he geo logy  o f  the P i e r r e  Shale 
(Mesozoic in  age) was r e q u i r e d .  More s p e c i f i c a l l y ,  i t  
was i m p o r t a n t  t o  be able to  i d e n t i f y  in  which member of  
t he P i e r r e  Shale c e r t a i n  s u r fa c e  l o c a t i o n s  e x i s t e d .
Numerous P i e r r e  Shale and " n o n - P i e r r e  Shale"  s i t e s  
i n  c e n t r a l  South Dakota were v i s i t e d  where s u r fa c e  
samples o f  rocks and f o s s i l s  were examined.  Based 
p r i m a r i l y  on p r e v i o u s l y  r e p o r t e d  ages o f  s i m i l a r  
m a t e r i a l s  f rom nearby l o c a t i o n s ,  age d e t e r m i n a t i o n s  f o r  
t he  v a r i o u s  s i t e s  were made. A s t r a i g h t - l i n e  schemat ic  
g e o l o g i c  p r o f i l e  was c o n s t r u c t e d  using the f i e l d  data  of  
t h i s  s t u d y  along w i t h  i n f o r m a t i o n  f rom o t h e r  i n v e s t i ­
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g a t o r s .  The P i e r r e  Shale s e c t i o n  encountered at d r i l l  
s i t e  H12 was f i t t e d  i n t o  the p r o f i l e  and an e s t i m a t e  was 
made o f  t he amount o f  P i e r r e  Shale and T e r t i a r y  d e p o s i t s  
t h a t  had been eroded away f rom the Hayes s tudy  area.
2 .2 Cenozoic H i s t o r y  o f  Western South Dakota
In Late Cretaceous t ime  western South Dakota was 
covered by a l a r g e  i n l a n d  sea. In ascending o r d e r  the 
f o r m a t i o n s  which r e p r e s e n t  t h i s  pe r i od  o f  t ime  are the  
Graneros Shale ,  Greenhorn L imestone,  C a r l i l e  Shale,  
N io b r a ra  Chalk ,  P i e r r e  Sha le ,  and Fox H i l l s  Sandstone.
The P i e r r e  Shale and Fox H i l l s  Sandstone belong to  the 
Montana Group o f  f o r m a t i o n s  w h i l e  the rema in ing  ( l o w e r )  
f o r m a t i o n s  belong to  the Colorado Group. The Fox H i l l s  
r e p r e s e n t s  the  l a s t  mar ine  d e p o s i t  o f  the Cre taceous ;  
however ,  i t  does not  r e p r e s e n t  the end o f  Cretaceous 
d e p o s i t i o n  i n  South Dakota.  The uppermost  Cretaceous 
beds are co n t a in e d  in  the Hel l  Creek Fo rm at ion ,  a swamp 
and b r a c k i s h - w a t e r  t ype  o f  d e p o s i t .
As the  Cretaceous p e r i o d  was drawing to  a c l o s e  a 
ge nera l  u p l i f t  was t a k i n g  p la ce  in the areas t h a t  were t o  
become the Black H i l l s  and Rocky Moun ta ins .  The la r g e  
i n l a n d  sea,  which had been a ca tch  bas in  f o r  sediment  f o r
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m i l l i o n s  o f  y e a rs ,  was g r e a t l y  reduced in  s i z e ,  and o n ly  
i s o l a t e d  d e e p e r -w a te r  or  down-warped areas co n t i n ue d  to  
r e c e i v e  sediment  l i k e  b e f o r e .  Other areas t h a t  had, 
p r e v i o u s l y  been underwa te r  were l i f t e d  above base l e v e l  
and e r o s i o n  o f  t he  Cretaceous f o r m a t i o n s  began (Harksen 
and Macdonald, 1969) .
Dur ing the Paleocene Epoch, p a r t s  o f  western South 
Dakota were r e c e i v i n g  sed iments  w h i l e  o t h e r  areas were 
hav ing Cretaceous m a t e r i a l  eroded away. There i s  l i t t l e  
ev idence o f  Eocene d e p o s i t i o n .  In one co un ty  in  the 
n o r t h w e s te r n  p a r t  o f  the s t a t e  two s t r a t i g r a p h i c  u n i t s  
have been r e f e r r e d  to  the  Eocene. These two u n i t s  are 
v e r y  l i m i t e d  in  e x t e n t  and are the o n l y  remnants o f  the 
more than 20 m i l l i o n  years  o f  the Eocene epoch.  Harksen 
and Macdonald s t a t e  t h a t  " u n d o u b t e d ly  t h e r e  was a 
t remendous amount o f  d e p o s i t i o n ,  e v o l u t i o n ,  and e r o s i o n  
t h a t  took p lace i n  South Dakota d u r i n g  t h i s  t ime — but 
at  p r ese n t  we can do l i t t l e  more than i n f e r  t he h i s t o r y  
f rom what i s  known o f  ad ja ce n t  r e g i o n s . "
Others have s t a t e d  a somewhat d i f f e r e n t  o p i n i o n .  
T r im b le  (1980) s im p ly  c a l l s  t he  l a s t  h a l f  o f  the Eocene 
in  the  Great  P l a i n s  r e g i o n  "a long p e r i o d  o f  
s t a b i 1i t y . . . when t h e r e  was l i t t l e  u p l i f t  o f  the 
mounta ins  and, t h e r e f o r e ,  l i t t l e  d e p o s i t i o n  on t h e
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p l a i n s .  A widespread and s t r o n g l y  developed s o i l  formed 
over  much o f  t he  Great  P l a i n s  d u r i n g  t h i s  p e r i o d  o f  
s t a b i l i t y . "  Acco rd ing to  Harksen and Macdonald,  
however ,  " w e a t h e r i n g ,  s o i l  f o r m a t i o n ,  and e r o s i o n  
c o n t i n u e d  at a r a p i d  r a t e  [ d u r i n g  the Eocene] w i th  
e r o s i o n  p r o b a b ly  s t r i p p i n g  away the s o i l  as f a s t  as i t  
was f o rm ed . "
The two o p i n i o n s  s t a t e d  above are not  n e c e s s a r i l y  
as c o n t r a d i c t o r y  as th e y  may f i r s t  seem. The f a c t  i s ,  
t ho ug h ,  t h a t  no d i r e c t  ev idence has been uncovered to 
da te which r e v e a l s  what happened g e o l o g i c a l l y  in  South 
Dakota d u r i n g  the  Eocene.
The o n ly  reason f o r  d w e l l i n g  on the Eocene in  t h i s  
r e p o r t  i s  because knowledge about  Eocene d e p o s i t s ,  or 
t he  l a ck  o f  them, cou ld  he lp  r e s o l v e  to  some degree any 
d i s c r e p a n c i e s  t h a t  are shown to  e x i s t  between 
g e o t e c h n i c a l 1y and g e o l o g i c a l l y  determined amounts of  
pas t  overburden o f  t he  P i e r r e  Shale.
With regard  to  the O l igocene ,  Miocene,  and P l i ocene  
epochs — d e p o s i t i o n  (and o c c a s io n a l  e r o s i o n )  in South 
Dakota i s  known to  have occu r re d  d u r i n g  these t i m e s .  
However,  the exac t  t h i c k n e s s  o f  these w e s t e r l y  d e r i v e d ,  
t e r r e s t r i a l ,  wind and wa te rbo rne  d e p o s i t s  i s  not  known 
f o r  l a r g e  areas o f  c e n t r a l  South Dakota.  F igu r e  2 shows







Figure 2 - PROGRESSIVE SOUTHEASTWARD EXPANSION OF AREAS 
COVERED BY PALEOCENE, OLIGOCENE, AND MIOCENE- 
PLIOCENE SEDIMENTARY DEPOSITS (from Trimble, 1980)
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the approx imate  e x t e n t  o f  t he  v a r i o u s  T e r t i a r y  d e p o s i t s  
on the Great  P l a i n s  r e g i o n  o f  the Uni ted S t a te s .
In western South Dakota d u r i ng  the  T e r t i a r y ,  
p e r i o d s  o f  e r o s i o n  were i n t e r s p e r s e d  w i t h  p e r i ods  o f  
d e p o s i t i o n ;  however,  t he  main g e o l o g i c a l  f a c t o r  was 
d e p o s i t i o n .  Dur ing the P l i o ce n e  Epoch the land s u r f a c e  
f rom Texas nor thward  th roug h  South Dakota was bu r i ed  
beneath a " f l o o d "  o f  sediments ( m o s t l y  p o o r l y -  
c o n s o l i d a t e d  sand) .  These a l l u v i a l  sed iments ,  which 
came f rom the Rocky Mounta ins and Black H i l l s  in the 
wes t ,  were sometimes se ve ra l  hundred f e e t  t h i c k .  Using 
a moderate amount o f  ev idence  and a va s t  amount o f  
l o g i c ,  most r e s e a r c h e r s  have conc luded t h a t  the 
d e p o s i t i o n a l  u n i t s  t h in n e d  s u b s t a n t i a l l y  towards the  
eas t  away f rom the source area.  I n v e s t i g a t o r s  who 
s t u d i e d  t h i s  " T e r t i a r y  g r i t "  in  the l a t e  1800 ' s named 
the f o r m a t i o n  the O g a l l a l a .  The g e o l o g i s t s  who s t u d ie d  
the  O g a l l a l a  i n  western  South Dakota,  however ,  d id  not  
f i n d  much o f  t h i s  T e r t i a r y  sediment  l e f t  to  examine.  In 
l a t e  P l i oc ene  t ime  e r o s i o n  removed much o f  the O g a l l a l a  
i n  South Dakota,  l e a v i n g  o n l y  smal l  i s o l a t e d  remnants of  
what once was "a ve r y  f l a t  area o f  ve r y  low g r a d i e n t  
which s t r e t c h e d  as a g e n t l y  s l o p i n g  p l a i n "  f o r  thousands 
o f  square m i l e s  (Harksen and Macdonald,  1969) .
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The M is s o u r i  V a l l e y  in c e n t r a l  South Dakota was 
formed d u r i n g  the  P l e i s t o c e n e  Epoch and i t s  development  
c o i n c i d e s  a p p r o x i m a t e l y  w i t h  the f u r t h e s t  southwestern  
advance o f  g l a c i a t i o n .  A l though  g l a c i e r s  d id  extend 
i n t o  S ta n le y  County to  a p o i n t  c lose  to  the s tudy  area 
( F l i n t ,  1955; C r a n d e l l ,  1953, 1958) t h e r e  i s  no ev idence 
t h a t  t h e y  a c t u a l l y  reached the  Hayes area.
The P l e i s t o c e n e  was, and the  Holocene has been,  
p r e d o m i n a n t l y ,  a t ime  o f  e r o s i o n  i n  western and c e n t r a l  
South Dakota.  F i ve r i v e r s ,  t he  Grand,  Moreau, Cheyenne, 
Bad and Whi te R ive rs  f l o w  i n t o  the M iss ou r i  R i ve r  f rom 
the  west .  P r i o r  t o  the g l a c i a l  pe r i od  these r i v e r s  
f l o we d  beyond the p re se n t  M is so u r i  V a l l e y  to the e a s t .  
The M iss ou r i  formed in  o l d e r  no r th w e s t  and so u t heas t  
d ra in a g e s  by e ro d in g  the sha le  and o t h e r  d e p o s i t s  in the 
e x i s t i n g  d r a i nag e  d i v i d e s ,  t hus c r e a t i n g  a co n t i n o u s  
v a l l e y .  Much o f  t he  d ra i nag e  system west of  the r i v e r  
e x i s t e d  p r i o r  t o  the f o r m a t i o n  o f  t he M is so ur i  i t s e l f  
( S c u l l y ,  1973) .
I t  i s  sp e cu la te d  by Harksen and Macdonald,  t h a t  at 
c e r t a i n  t imes  d u r i n g  the  P l e i s t o c e n e ,  g r e a t  amounts o f  
coarse  m a t e r i a l s  were c a r r i e d  f a r  out  onto the p l a i n s  by 
st reams t h a t  had been tu rn e d  i n t o  " r a g i n g  t o r r e n t s . "
The e x i s t e n c e  o f  P l e i s t o c e n e  age, s t r e a m - d e r i v e d ,  sand
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and g ra v e l  d e p o s i t s  o f  western provenance in c e n t r a l  
South Dakota i s  we l l  documented ( C r a n d e l l ,  1958, among 
o t h e r s ) .  These " r a g i n g  t o r r e n t s "  c o in c id e d  w i t h  pe r i od s  
o f  g l a c i a l  advance and ceased to  e x i s t  d u r i ng  
i n t e r g l a c i a l  s ta ge s .  When the  advance of  g l a c i a t i o n  in 
e a s t e rn  South Dakota ended and p r e c i p i t a t i o n  c o n d i t i o n s  
r e t u r n e d  to  normal  i n  western  South Dakota,  t he  st ream 
v a l l e y s  were choked w i t h  coarse sed iments .  Because th e  
T e r t i a r y  rock  was more e a s i l y  eroded than the v a l l e y  
f i l l i n g s ,  t he  st reams eroded the  T e r t i a r y  rock  and l e f t  
the g ra v e l  be h in d .  Cont inued e r o s i o n  b rough t  about  a 
t o p o g r a p h i c  r e v e r s a l  which l e f t  g rave l  capping the 
i n t e r f l u v e s  (Harksen and Macdonald,  1969).  Evidence of  
t h i s  t o p o g r a p h i c  r e v e r s a l  was found by t h i s  au t ho r  in 
v a r i o u s  l o c a t i o n s  near the Hayes s tudy  area.
2.3 Geolog ic  Data and Maximum-Past -Overburden Values 
Prev ious  g e o l o g i c a l  i n v e s t i g a t i o n s  t h a t  addressed 
the  s u b j e c t  o f  d e p o s i t s  younger  than the P i e r r e  Shale ,  i n  
areas where the  P i e r r e  i s  now the  s u r fa ce  m a t e r i a l ,  q u i t e  
o f t e n  r e l i e d  on assumpt ions and i n f e r e n c e s  in o r d e r  to  be 
able to  c la im  t h a t  T e r t i a r y  d e p o s i t s  had o v e r l a i n  the 
P i e r r e  f o r m a t i o n .  An example o f  some of  the c o n c l u s i o n s  
and how th e y  were reached are p resen ted here in the form
ER-3202 19
o f  quotes f rom those i n v e s t i g a t o r s  who d i scussed  the 
T e r t i a r y  geo logy  o f  South Dakota.  I t  i s  not  necessary  a t  
t h i s  t ime  f o r  the reader  to  know e x a c t l y  t he  l o c a t i o n  o f
the  s p e c i f i c  s i t e s  ( b u t t e s ,  e t c . )  t h a t  are ment ioned ;  t h e
t e c h n iq u e  employed f o r  d e t e r m i n i n g  the  e x i s t e n c e  of  
T e r t i a r y  d e p o s i t s  should  s t i l l  be appa ren t .
"Beds have been found in the Ree H i l l s  
w h i c h . . . m a y  belong t o . . . t h e  T e r t i a r y . . .  I t  
seems not  improbab le  t h a t  the same f o r m a t i o n  
occu rs  i n  Medic ine  K n o l l . . .  Var ious  
consp icuous  b u t t e s  west o f  the M i s s o u r i  t o  the 
n o r th  and east  o f  the c o n t i n u o us  T e r t i a r y  beds 
d o u b t le s s  c o n t a i n  the same f o r m a t i o n . . . "  From 
Todd, 1894, p . 110.
"There i s  but  l i t t l e  doubt  t h a t  the B i j o u  
H i l l s ,  2000 f e e t  above s e a - l e v e l  i n  t he
so u the rn  p a r t  o f  B ru le  County,  eas t  of  the
M is so u r i  R i v e r ,  are but  remnants o f  t he common 
s u r f a c e  t h a t  at  one t ime  s t r e t c h e d  over  a l l  the 
sou the rn  p o r t i o n  o f  South Dakota.  The B i j o u  
H i l l s  are d o u b t le s s  remnants o f  the b l u f f  h i l l s  
t h a t  o ve r l ook ed  the  p r e - g l a c i a l  Whi te R ive r  as 
i t  f l owed  on to  the eas t  i n t o  the o ld  M is so u r i  
R i v e r . "  From P e r i s h o ,  1908, p . 105.
" I n  a few p laces the P i e r r e  h i l l s  r e g i on  i s  
surmounted by i s o l a t e d  b u t t e s  s t a n d in g  as much 
as 400 f e e t  above the genera l  su r fa ce  and 
v i s i b l e  f rom d i s t a n c e s  o f  many m i l e s .  Examples 
are the  Iona H i l l s  i n  T r i p p ,  Gregory ,  and Bru le 
C o u n t ie s ,  and Medic ine Bu t t e  in  Lyman County.
These b u t t e s  are capped by T e r t i a r y  s t r a t a  such 
as form the p l a t e a u s  f a r t h e r  sou th .  The caps 
show t h a t  such s t r a t a  extended over  much i f  not  
a l l  o f  t he  P i e r r e  h i l l s  r e g i o n ,  and t h a t  they  
have been removed l a r g e l y  by undermin ing the
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weak u n d e r l y i n g  s h a l e s . "  F u r t h e r ,  "The 
v e r t i c a l  d i s t a n c e  between the tops  o f  the Iona 
H i l l s  and the  M i s so u r i  R iver  i s  more than 800 
f e e t .  Th i s  i s  a minimum measure o f  the e x t e n t  
t o  which the c o u n t r y  im m e d ia t e l y  west o f  the 
r i v e r  has been i n c i s e d  s in c e  O g a l l a l a  t i m e .
And s in ce  the Iona H i l l s  and Medic ine Bu t te  
capped by the  O g a l l a l a  f o r m a t i o n  s tand some 300 
f e e t  above the  genera l  s u r fa c e  o f  the 
i n t e r f l u v e s ,  a p r i sm o f  rock about  300 f e e t  
t h i c k  must have been removed f rom t h a t  c o u n t r y  
c o m p l e t e l y . "  From F l i n t ,  1955.
F l i n t ' s  r e p o r t  o f  1955 c o n t a in s  a number o f  maps 
which p i n p o i n t  t he  l o c a t i o n s  o f  P i e r r e  Shale ,  Fox H i l l s  
Sandstone,  He l l  Creek sed im en t s ,  and O g a l l a l a  sediments 
i n  e a s t e rn  South Dakota.
The O g a l l a l a  Format ion  i s  o f  p r im a r y  impor tance  in
t h i s  s tu dy  because remnants o f  i t  are p r o b a b ly  the most
e a s i l y  i d e n t i f i a b l e  m a t e r i a l  rema in ing  f rom the T e r t i a r y  
bed s .
Accord ing  to  E rsk ine  (197 3) ,
"The O g a l l a l a  f o r m a t i o n  o f  P l i ocene  age 
i s  a heterogeneous m i x t u r e  o f  s i l t ,  sand and 
f i n e  to  medium g r av e l  l o c a l l y  cemented to 
form o r t h o q u a r t z i t e  . . .  . Uplands and b u t t e s  
p r o t e c t e d  by r e s i s t a n t  caps o f  o r t h o q u a r t z i t e  
o f  t he  O g a l l a l a  r i s e  above the genera l  land 
s u r f a c e . . .  The o r i g i n a l  t h i c k n e s s  of  the 
f o r m a t i o n  i s  unknown and the p resent  
t h i c k n e s s  v a r i e s  because o f  e r o s i o n .  The 
average t h i c k n e s s  in the  area [ s o u t h - c e n t r a l  
South Dakota]  is  about 40 f e e t . . .  The
o r t h o q u a r t z i t e  i s  g r a y i s h  o l i v e  i n  f r e s h
exposures and weathers to  y e l l o w i s h  g r ay .
U n c on so l i d a t ed  p a r t s  of  t he f o r m a t i o n  
g e n e r a l l y  are pale shades of  g r a y . "
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This d e s c r i p t i o n  o f  an o l i v e  or  g reen ish  
o r t h o q u a r t z i t e  i s  p e rv a s i v e  th ro u g h o u t  the l i t e r a t u r e  
where d i s c u s s i o n s  o f  the O g a l l a l a  Format ion are found .  
C ra nde l l  ment ions  f i n d i n g  i t  at  v a r i o u s  l o c a t i o n s  i n  t h e  
area covered in h i s  1958 r e p o r t ;  however,  he found no 
bedded green q u a r t z i t e ,  o n l y  p ieces v a r y i n g  in  s i z e  and 
a n g u l a r i t y .  In the cases d e sc r i bed  by F l i n t  (1 95 5 ) ,  
Wincheste r  and o t h e rs  (1 91 6 ) ,  and Stevenson (see Agnew 
and Tychsen,  1965) ,  the green q u a r t z i t e  occurs  as in 
s i t u  m a t e r i a l  or  ve ry  l a r g e  b u t t e - c a p p i n g  b l o c k s .
F l i n t ' s  and Stevenson ' s  d e s c r i p t i o n s  are f o r  q u a r t z i t e  
t h a t  caps b u t t e s  in s o u t h - c e n t r a l  and s o u t h e a s t e r n  South 
Dakota,  w h i l e  W i n c h e s t e r ' s  d e s c r i p t i o n  i s  f o r  a green 
q u a r t z i t e  in n o r t h w e s te r n  South Dakota.
Var ious  f a c i e s  names or " s u b - f o r m a t i o n "  names have 
been g i ven  to  the g r e e n i s h ,  o r t h o q u a r t z i t i c , T e r t i a r y  
m a t e r i a l  t h a t  i s  found in  South Dakota and su r ro u n d in g  
s t a t e s .  None o f  these names w i l l  be used in  t h i s  
r e p o r t ;  i n s t e a d ,  t he d e p o s i t s  w i l l  s im p ly  be r e f e r r e d  to 
as a 1ower-Ogal  1 al a d e p o s i t .  The age of  the O g a l l a l a  i s  
not  known p r e c i s e l y ,  but  based on a rev iew  of  the 
l i t e r a t u r e  the concensus seems to be t h a t  i t  f a l l s  
a p p r o x i m a t e l y  at  the M io ce ne- P l i oce ne  boundary .  Since 
the  g r ee n is h  q u a r t z i t e  i s  in  the lower  p a r t  o f  the
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O g a l l a l a ,  the q u a r t z i t e  w i l l  be con s id e re d  to  be l a t e  
Miocene in  age. I t  shou ld  be noted t h a t  the q u a r t z i t e ,  
at  i t s  base,  i s  c o n g l o m e r a t i c  and c o n t a i n s  rounded,  
g reen ,  c l a y  ( s h a l e )  peb b le s .
In s o u t h - c e n t r a l  South Dakota the  q u a r t z i t e  f a c i e s  
o f  the O g a l l a l a  v a r i e s  i n  t h i c k n e s s  f rom 38 to  54 f e e t  
(12 to  16 m) (S tevenson,  1953 i_n Agnew and Tychsen,  
1965) .  The t o t a l  t h i c k n e s s  o f  the O g a l l a l a  sediments i n  
the  same area may have been more than 300 f e e t  (92 m) .
Before d i s c u s s i n g  the  data  used f o r  r e c o n s t r u c t i n g  
the  amount o f  past  overburden at  the Hayes s tu dy  a rea,  
a f i n a l  quote w i l l  be g iven f rom another  i n v e s t i g a t o r  
who a t tempted to  make the same k ind o f  d e t e r m i n a t i o n  i n  
a d i f f e r e n t  p a r t  o f  South Dakota.
"The p r e c o n s o l i d a t i o n  load imposed by 
sediments at  a l l  the s i t e s  was e s t im a t e d  f rom  
a v a i l a b l e  g e o l o g i c  and t o p o g r a p h i c  maps by 
d e t e r m i n i n g  the youngest  nearby f o r m a t i o n s  
p r e s e n t  e i t h e r  as i s o l a t e d  e r o s i o n a l  remnants 
or  as d o w n - f a u l t e d  b l o c k s .  The th i c k n e s s e s  o f  
t he  f o r m a t i o n s  t h a t  appear to  have been 
removed were p r o j e c t e d  to  the s tudy  s i t e s  and 
the  load e s t i m a t e d .  The r e s u l t s  are h i g h l y  
s p e c u l a t i v e ,  but  t h e y  do p r o v i d e  a genera l  
i n d i c a t i o n  o f  t he g e o l o g i c  p r e c o n s o l i d a t i o n  
l o a d . "  From Fleming and o t h e r s ,  1970.
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B a s i c a l l y ,  a s i m i l a r  method which r e l i e d  on f i e l d  
work i n s t e a d  o f  map work was used in  t h i s  s tu dy  to 
r e c o n s t r u c t  t he  t h i c k n e s s e s  o f  the f o r m a t i o n s  t h a t  once 
covered the  Hayes, South Dakota area.  Th i s  method does 
not  ade qu a te l y  take  i n t o  account  the maximum t h i c k n e s s  
t h a t  any s i n g l e - a g e  d e p o s i t  may have a t t a i n e d .  Most o f  
t he  rock  u n i t s  l a y  uncon formab ly  on top o f  one another  
and i t  i s  p rob ab le  t h a t  t he maximum t h i c k n e s s  o f  any 
s i n g l e  u n i t  was more than the  amount s t i l l  p r es e n t  f o r  
t h a t  u n i t .  However,  i t  i s  assumed here f o r  convenience  
t h a t  the t o t a l  o r i g i n a l  t h i c k n e s s  of  any s i n g l e  rock 
u n i t  was never  any g r e a t e r  than the combined p r e s e n t - d a y  
t h i c k n e s s e s  o f  the rock  u n i t s ,  as i n d i c a t e d  by the 
i s o l a t e d  e r o s i o n a l  remnants ( i . e . ,  b u t t e s ) .
I f  indeed core H12 at  Hayes was s i t u a t e d  in the 
P i e r r e  Shale sequence in the manner b e l i e v e d ,  then th e  
s u r fa c e  m a t e r i a l  at  Hayes i s  in  the l ower  p a r t  o f  the 
Elk Bu t t e  Member o f  t he s h a le .  The Elk Bu t te  i s  t he 
uppermost  member o f  the P i e r r e  Shale.
Based on i n f o r m a t i o n  f rom Crande l l  ( 1 9 5 8 ) ,  S c h u l t z  
and o t h e rs  ( 1 98 0 ) ,  and Ersk ine  ( 1 97 3 ) ,  among o t h e r s ,  the 
amount o f  Elk Bu t t e  t h a t  has been eroded away f rom the 
s i t e  i s  100 to  200 f e e t  (30 to  61 m) . By combining t h i s  
amount o f  eroded Elk Bu t t e  w i t h  the t h i c k n e s s  o f  the
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m a t e r i a l  t h a t  should have e x i s t e d  between the top o f  the 
P i e r r e  Shale and the top o f  the green q u a r t z i t e  u n i t  of  
the O g a l l a l a ,  i t  i s  e s t im a t e d  t h a t  a minimum t h i c k n e s s  
o f  600 f e e t  (183 m) has been removed above a r e fe r e n c e  
e l e v a t i o n  o f  2100 f e e t  at  t he Hayes s t udy  s i t e  ( F ig u r e  
3 ) .  Thi s would be a minimum t h i c k n e s s  because,  as shown 
on the g e o l o g i c  p r o f i l e ,  no bedded m a t e r i a l  younger than 
the green q u a r t z i t e  was found d u r i ng  the f i e l d  work o f  
t h i s  s t u d y .
The f o u r  pages f o l l o w i n g  F igure  3 ( F ig u r e  3 
Comments, F i gu r e  4, Table 1, and F igure  5) p r ese n t  t h e  
ev idence or  i n f o r m a t i o n  used in  the c o n s t r u c t i o n  o f  the 
g e o l o g i c  p r o f i l e  o f  F i gu r e  3.
The more l i k e l y  t h i c k n e s s  o f  removed ove rburden at 
t he  Hayes s i t e  i s  g r e a t e r  than 1000 f e e t  (305 m). Th i s  
i s  based on the f a c t  t h a t  o t h e r  areas to  the n o r t h w e s t  
and s o u t h - s o u t h e a s t  c l e a r l y  i n d i c a t e  t h a t  a d d i t i o n a l  
m a t e r i a l  was, i n  f a c t ,  d e p o s i t e d  on top o f  a ( o l i v e )  
q u a r t z i t e  u n i t  o f  M io ce ne -P l i oc e n e  age ( F l i n t ,  1955; 
W inches te r  and o t h e r s ,  1916) .  A l so ,  i t  i s  hard to 
imagine a sand u n i t  be ing d i a g e n e t i c a l  1 y a l t e r e d  to a 
sandstone or  o r t h o - q u a r t z i t e  w h i l e  rema in ing  a s u r f i c i a l  
deposi  t .
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The fol lowing comments apply to Figure 3 (the geologic p r o f i l e )
on the previous page:
1. The p r o f i l e  shows a s impl i f ied reconstructed geologic section 
fo r  an east-west t rending l ine that  passes through Hayes and 
Pierre,  South Dakota.
2. The ra t i o  of  the horizontal  scale to the ver t i ca l  scale is  
105.6.
3. The le t te rs  match those on Figure 4 and in Table 1.
4. Sample depths (dots) on the H12 core "p ro f i l e "  occur at 96 ' ,
159', 232', 412' , 502', and 564'. Three of the f i v e  encountered 
members were represented.
5. In descending order, the members of  the Pierre Shale are: Elk 
Butte, Mobridge, Vi rgin Creek, Verendrye, DeGrey, Crow Creek, 
Gregory, and Sharon Springs. The bottom three members were not 
encountered in the d r i l l i n g  of  HI2.
6. Line I i s  based on the paleotopographic map of  Harksen and 
Macdonald (1969). See Figure 5 of th is  report .
7. Line I I  i s  sol id  where control  ex ists,  dashed where control  does 
not ex is t .  I t  could possibly be shown at a l i t t l e  higher 
elevat ion in the west.
8. The formation between l ines I and I I  would be en t i re l y  Ogal lala.
9. The formations between l ines I I  and I I I  would include the Fox 
H i l l s ,  Hell Creek, and possibly some sediments l e f t  from the 
ear ly Ter t iary (01igocene?).
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Another  g e o l o g i c  e s t i m a t e  o f  the amount of  v e r t i c a l  
e r o s i o n  t h a t  has occu r re d  in c e n t r a l  and western South 
Dakota can be made by using Harksen and Macdona ld 's ,  
p a l e o t o p o g r a p h i c  map o f  western South Dakota ( F ig u r e  5 ) .  
Hayes i s  s i t u a t e d  a p p r o x i m a t e l y  at a p o i n t  where the 
3200 f t  p a le o c o n to u r  would pass i f  i t  was sketched on 
the map. The d i f f e r e n c e  between the p a le o c o n to u r  and 
r e f e r e n c e  (2100 f t )  e l e v a t i o n s  i s  1,100 f e e t  (335 m ) .
I f  t h i s  va lue  f o r  t h i c k n e s s  o f  removed m a t e r i a l  i s  a 
maximum, then the assumpt ion i s  being made t h a t  ve ry  
l i t t l e ,  i f  any,  m a t e r i a l  was de p o s i te d  on top o f  the 
O g a l l a l a .  In F i gu r e  3,  t he l i n e  d e s i g n a t i n g  the  p o s s i b l e  
top  o f  the O g a l l a l a  i s  based on Harksen and Macdonald 's  
p a l e o t o p o g r a p h i c  map.
C l e a r l y ,  s u f f i c i e n t  g e o l o g i c a l  ev id e n c e ,  a l b e i t  
somewhat c i r c u m s t a n t i a l ,  does e x i s t  in c e n t r a l  South 
Dakota to  conc lude  t h a t  T e r t i a r y  d e p o s i t s  d id  cover  t h a t  
p a r t  o f  t he s t a t e  and, f u r t h e r ,  t h a t  the approx imate  
t h i c k n e s s  (maximum) o f  past  overburden at t he Hayes s tudy 
s i t e  was 600 to  1100 f e e t  (183 to  335 m).
Whi le the  p a s t - o v e r b u r d e n  e s t i m a t i o n s  made here ,  
based on g e o l o g i c  e v i d e n c e ,  d id  not  i n v o l v e  e x h a u s t i v e  
and d e t a i l e d  i n v e s t i g a t i o n ,  i . e . ,  e x am in a t i on  of  
c o n d i t i o n s  o f  t r a n s p o r t ,  d e p o s i t i o n ,  and 1 i t h i f i c a t i o n  o f
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sediments making up the v a r i o u s  rock u n i t s ,  i t  i s  
b e l i e v e d  t h a t  t he  e s t i m a t e s  are accu ra te  enough f o r  
compar ison w i t h  the  va lues  determined by the o t h e r  
methods.
F igures  6, 7, 8, 9, 10 and 11 are photographs o f  
s i t e s  i n  c e n t r a l  South Dakota t h a t  were v i s i t e d  as a 
p a r t  o f  t h i s  max imum-past -overburden i n v e s t i g a t i o n .
Figure 6 - HAYES, SOUTH DAKOTA AREA, LOOKING 
WEST ALONG U.S. ROUTE 14.
LOCATION "H" ON FIGURE 4.
Figure 7 - WILLOW CREEK BUTTE, STANLEY COUNTY, 
SOUTH DAKOTA.
LOCATION "F" ON FIGURE 4.
“ M 01
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Figure 8 - MEDICINE BUTTE, LYMAN COUNTY, 
SOUTH DAKOTA.
LOCATION "K" ON FIGURE 4.
E R - 3 2 0 2 34
Figure 9 - GRAY-GREEN, TERTIARY QUARTZITE ON
MEDICINE BUTTE, LYMAN COUNTY, 
SOUTH DAKOTA.
SEE FIGURE 8.
E R - 3 2 0 2 35
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Figure 10 - PIERRE SHALE OUTCROP,
UPPER PIERRE SHALE.
NEAR LOCATION "D" ON FIGURE 4.
-  3 2 0 2
Figure 11 - BACULITES FOSSILS FROM OUTCROP 
SHOWN IN FIGURE 10.
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3. GEOTECHNICAL DETERMINATION OF 
MAXIMUM PAST OVERBURDEN
3.1 Concepts and D e f i n i t i o n s
In o r d e r  to  d i s c u s s  and d e s c r i b e  the te ch n i qu es  used 
i n  making the  g e o t e c h n i c a l  d e t e r m i n a t i o n  o f  maximum past  
o v e rb u r d e n ,  i t  i s  co n ve n ie n t  at  t h i s  p o i n t  t o  i n t r o d u c e
the  concept  o f  c o n s o l i d a t i o n  s t a t e  and i t s  r e l a t i o n  to
ove rburden t h i c k n e s s .
In s i m p l e s t  terms the  c o n s o l i d a t i o n  s t a t e  o f  a s o i l  
can be expressed as 1) n o r m a l l y  c o n s o l i d a t e d ,  2) o v e r ­
c o n s o l i d a t e d ,  or  3) u n d e r c o n s o l i d a t e d .  A s o i l  i s  sa id to  
be n o r m a l l y  c o n s o l i d a t e d  when the p r e c o n s o l i d a t i o n  
(maximum pas t )  p ressure  Pc j u s t  equals  the e x i s t i n g  
e f f e c t i v e  v e r t i c a l  ove rburden p ressu re  p0 ' .  A s o i l  
whose p r e c o n s o l i d a t i o n  p res su re  i s  g r e a t e r  than the
e x i s t i n g  overburden p ress u r e  i s  sa id to be o v e r ­
consol  i d a t e d  (o r  p r e c o n s o l i d a t e d ) .  And, a s o i l  t h a t  has 
not  y e t  come to  e q u i l i b r i u m  under the  we ight  o f  the 
ove rburden load and e x h i b i t s  a c o n d i t i o n  where in the 
p r e c o n s o l i d a t i o n  p ressu re  i s  l ess  than the  e x i s t i n g  
e f f e c t i v e  v e r t i c a l  ove rburden p ressu re  i s  termed 
underconsol  i d  a t e d . U n d e r c o n s o l i d a t i o n  can o c c u r ,  f o r  
example,  i n  s o i l s  t h a t  have o n l y  r e c e n t l y  been d e p o s i t e d  
( u s u a l l y  u n d e r w a t e r ) .
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The compar ison o f  t he  Pc va lue  w i t h  the p0 ' 
va lue  can be done two d i f f e r e n t  ways in o rd e r  t o  
de te rm ine  a c o n s o l i d a t i o n  s t a t e  f o r  a s o i l .  The most 
common way i s  t o  express the  two va lues as a r a t i o  o f  t h e  
p r e c o n s o l i d a t i o n  s t r e s s  to  the e x i s t i n g  v e r t i c a l  
e f f e c t i v e  overburden s t r e s s .  This r a t i o  i s  c a l l e d  t h e  
o v e r c o n s o l i d a t i o n  r a t i o , OCR.
OCR = , and thus
Po'
f o r  OCR = 1 the  s o i l s  are n o r m a l l y  c o n s o l i d a t e d ,  and f o r
OCR > 1 the s o i l s  are o v e r c o n s o l i d a t e d ,  and f o r  OCR < 1
the s o i l s  are u n d e r c o n s o l i d a t e d .
A second way to  r e l a t e  the two v a l u e s ,  Pc and 
p0 ‘ , i s  by s u b t r a c t i n g  the v e r t i c a l  e f f e c t i v e  
overburden s t r e s s  f rom the p r e c o n s o l i d a t i o n  s t r e s s  and 
p r e s e n t i n g  the new s t r e s s  va lue  as the o v e r c o n s o l i d a t i o n  
d i f f e r e n c e , OCD. OCD i s  u s e f u l  in  d e s c r i b i n g  the 
c o n s o l i d a t i o n  s t a t e  o f  r e c e n t  mar ine sediments where the 
use o f  t he  OCR can be m i s l e a d i n g  (O lsen ,  R ice ,  Mayne, and 
S i n g h , 1986) .
OCD = Pc - p0 ' ,  and thus 
f o r  OCD = 0 the  s o i l s  are n o r m a l l y  c o n s o l i d a t e d ,  and f o r
OCD > 0 the  s o i l s  are o v e r c o n s o l i d a t e d ,  and f o r  OCD < 0
the s o i l s  are u n d e r c o n s o l i d a t e d .
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OCR and OCD va lues  f o r  cores  f rom the Hayes s tudy  
s i t e  are p resen ted  and d i scussed  l a t e r  i n  t h i s  r e p o r t .  
These va lues  i n d i c a t e  the P i e r r e  Shale at the s tudy  s i t e  
i s  o v e r c o n s o l i d a t e d .  Th i s  f i n d i n g  was expected s ince  c l a y  
sha les  in  genera l  u s u a l l y  e x h i b i t  h igh degrees of  o v e r ­
c o n s o l i d a t i o n ,  and, more s p e c i f i c a l l y ,  the P i e r r e  Shale 
has been d e s c r ib e d  as o v e r c o n s o l i d a t e d  by past  
i n v e s t i g a t o r s  (F leming and o t h e r s ,  1970) .
When s o i l  ( c l a y )  l a y e r s  c o v e r i n g  a l a r g e  area are 
loaded v e r t i c a l l y ,  whether  by the  we ight  o f  o v e r l y i n g  
sediments  or some o t h e r  mechanism, the compression can be 
assumed to  be one d i m e n s i o n a l .  To s im u la t e  one­
d ime ns ion a l  compress ion in  the l a b o r a t o r y ,  the s o i l  i s  
compressed in  a s p e c ia l  dev i ce  c a l l e d  a c o n s o l i d o m e t e r .
The d e t a i l s  f o r  co n d u c t i n g  such a t e s t  w i l l  not  be g i ven 
h e re ;  however ,  t he  t e s t  p rocedures should g e n e r a l l y  
conform to  the recommendat ions of  ASTM D 2435-80 or 
D 4185-82.
The o b j e c t  o f  the c o n s o l i d a t i o n  t e s t  i s  to s im u la t e  
the  compress ion o f  the ( i n  s i t u )  s o i l  under g iven e x t e r n a l  
l o a d s .  What i s  being measured i s  in f a c t  the modulus of  
the s o i l  i n  c o n f i n e d  compress ion .  By e v a l u a t i n g  the 
compress ion c h a r a c t e r i s t i c s  of  an " u n d i s t u r b e d "  r e p r e s e n t ­
a t i v e  sample,  the change in  t h i c k n e s s  o f  the ( i n  s i t u )  
s o i l  due to  the l o a d in g  can be p r e d i c t e d .
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Engineers use se ve ra l  methods to  p resent  l oad-  
d e f o r m a t io n  d a t a .  The most common way to  p res en t  t h e  
da ta  i s  by p l o t t i n g  the vo id  r a t i o  (e) versus the 
l o g a r i t h m  o f  e f f e c t i v e  c o n s o l i d a t i o n  s t r e s s  ( l o g  p) .
For an " u n d i s t u r b e d "  c l a y  sample,  t he vo id  r a t i o  
versus  log p ress u r e  p l o t  w i l l  n o r m a l l y  have two a p p r o x i ­
m a te l y  s t r a i g h t - l i n e  p o r t i o n s  connected by a smooth 
t r a n s i t i o n a l  c u r v e .  The s t r e s s  at which the t r a n s i t i o n  
o r  "b re ak "  occurs  i n  the curve i s  an i n d i c a t i o n  o f  the 
maximum v e r t i c a l  ove rburden s t r e s s  t h a t  t he sample has 
s u s ta in e d  in the  p a s t ;  t h i s  s t r e s s  i s  known as the 
p r e c o n s o l i d a t i o n  p r essu re  Pc . The i n i t i a l  f l a t t e r  
p o r t i o n  o f  t he  e - l o g  p c o n s o l i d a t i o n  curve i s  termed the  
r e c o n s o l i d a t i o n  c u r v e ,  and the p a r t  a f t e r  the break in the 
cu rve i s  c a l l e d  the v i r g i n  compression c u r v e .  ( F ig u r e  
1 2 ) .  As the name " v i r g i n "  i m p l i e s ,  the s o i l  has never 
b e f o re  exper ienced  a s t r e s s  g r e a t e r  than the 
p r e c o n s o l i d a t i o n  s t r e s s .
3 .2  Method o f  E s t i m a t i n g  P r e c o n s o l i d a t i o n  Pressure
The p r e c o n s o l i d a t i o n  p r essu re  can be e s t i m a te d  by a 
number o f  methods,  i n c l u d i n g  those of  B u r m is t e r  (1951) ,  
Janbu ( 196 9) ,  and Schmertmann (195 5) .  The method which 
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Effective consolidation stress (log scale)
Figure 12 - THE CASAGRANDE (1936) CONSTRUCTION FOR 
DETERMINING THE PRECONSOLIDATION STRESS. 
ALSO SHOWN ARE THE MINIMUM POSSIBLE, THE 
MOST PROBABLE, AND THE MAXIMUM POSSIBLE 
PRECONSOLIDATION STRESSES (modified from 
Holtz and Kovacs, 1981).
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cons ide red  to  y i e l d  s a t i s f a c t o r y  r e s u l t s  i f  samples are 
o f  h igh  q u a l i t y  and c o n s o l i d a t i o n  t e s t s  are p r o p e r l y  
conducted i s  t he Casagrande method (Brumund and o t h e r s ,  
1976) .  For a c r i t i c a l  r e v ie w  o f  the Casagrande method f o r  
e s t i m a t i n g  Pc the reade r  i s  r e f e r r e d  to  Dean (1984) .
A r t h u r  Casagrande (1936) presented  the e m p i r i c a l  
method shown in  F igure  12 and o u t l i n e d  below f o r  e s t i m a t ­
ion  o f  t he va lue  o f  Pc f rom the r e s u l t s  o f  l a b o r a t o r y  
c o n s o l i d a t i o n  t e s t s  on u n d is t u r b e d  samples o f  s a t u r a t e d  
c l a y .  The procedure  i s  a p p l i c a b l e  to  both vo id  r a t i o  
versus  l og  p r ess u r e  curves  and v e r t i c a l  s t r a i n  (o r  change 
in  sample h e i g h t )  versus  log  p ressu re  cu rv es .
The Casagrande procedure  i s  as f o l l o w s :
1. Choose by eye the p o i n t  o f  minimum ra d i u s  (o r  
maximum c u r v a t u r e )  on the c o n s o l i d a t i o n  curve 
( p o i n t  A in  F igure  12) .
2. Draw a h o r i z o n t a l  l i n e  from  p o i n t  A.
3. Draw a l i n e  t a n g e n t  t o  the curve at p o i n t  A.
4. B i s e c t  t he  angle made by s teps  2 and 3.
5. Extend the s t r a i g h t  l i n e  p o r t i o n  o f  the v i r g i n
compress ion cu rve up to  where i t  meets the 
b i s e c t o r  l i n e  o b ta in e d  in step 4. The p o i n t  o f  
i n t e r s e c t i o n  o f  t hese  two l i n e s  i s  the p r ec o n ­
s o l i d a t i o n  s t r e s s  ( p o i n t  B o f  F igure  12) .
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Figure  12 a l so  shows how a range of  Pc va lues  can 
be determined f o r  a s i n g l e  c o n s o l i d a t i o n  t e s t  sample.  The 
minimum p o s s i b l e  Pc to  the maximum p o s s i b l e  Pc d e f i n e s  
the  range.
The comments f rom Dean (1984) and o t h e r  i n v e s t i g a t o r s  
who have used the  Casagrande method and c r i t i c a l l y  
e va lu a te d  i t  tend to i n c o r p o r a t e  at l e a s t  one o f  the 
f o l l o w i n g  t h r e e  i deas  in  t h e i r  comments:
1. I ns tead  o f  r e p o r t i n g  a s i n g l e  d e f i n i t i v e  
p r e c o n s o l i d a t i o n  s t r e s s  v a lu e ,  a range o f  va lu e s  
shou ld  be d e f i n e d .  (The te c h n iq u e  f o r  doing 
t h i s  was demonst ra ted  in  F i gu r e  12. )
2 .  In many i n s t a n c e s ,  p a r t i c u l a r l y  f o r  s o i l s  known 
to  be h i g h l y  o v e r c o n s o l i d a t e d ,  t he Casagrande 
method f o r  d e t e r m i n i n g  Pc un d e re s t im a te s  the 
p r e c o n s o l i d a t i o n  s t r e s s  (Khera and Schu lz ,  1984,  
among o t h e r s )  .
3 .  As long as i t s  l i m i t a t i o n s  are g e n e r a l l y  under­
s t o o d ,  t he Casagrande c o n s t r u c t i o n  shou ld  and 
w i l l  c o n t i n u e  to  be used because of  the
s i m p l i  c i  t y  o f  i t .
In o rde r  to  unders tand  why i t  i s  p o s s i b l e  to  p r e d i c t  
t he  p r e c o n s o l i d a t i o n  p res su re  us ing g r a p h i c a l  p rocedures  
such as the  Casagrande c o n s t r u c t i o n ,  i t  i s  necessary  to
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examine the complete s t r e s s - s t r a i n  h i s t o r y  o f  a s e d i ­
mentary  c l a y  s o i l  d u r i n g  d e p o s i t i o n ,  samp l ing ,  and 
r e l o a d i n g  i n  the  l a b o r a t o r y  by the c o n s o l i d o m e t e r . The 
s t r e s s  h i s t o r y  o f  a c l a y  s o i l  d u r i ng  d e p o s i t i o n  (and 
e r o s i o n )  can be unders tood by l o o k i n g  at Sco t t  and 
B r o o k e r ' s  (1966) i l l u s t r a t i o n  o f  e f f e c t i v e  ove rbu rden  
s t r e s s  versus  t ime f o r  t he  Bearpaw Shale o f  western Canada 
( F i g u r e  1 3 ) .  The Bearpaw Shale i s  an upper Cretaceous 
s t r a t i g r a p h i c  e q u i v a l e n t  o f  t he  P i e r r e  Shale of  t h i s  
r e p o r t .  The s t r e s s - s t r a i n  h i s t o r y  o f  a c l a y  s o i l  d u r i n g  
sampl ing and r e l o a d i n g  in  the l a b o r a t o r y  i s  i l l u s t r a t e d  in 
F i gu r e  14.  A compar ison o f  F ig u re s  12 and 14 shows why 
Pc va lues  de te rm ined  by the Casagrande c o n s t r u c t i o n  w i l l  
v a r y  q u i t e  s u b s t a n t i a l l y  f o r  s i m i l a r  s o i l  specimens when 
one sample i s  r e l a t i v e l y  " u n d i s t u r b e d "  and the o t h e r  i s  
di  s t u r b e d .
3.3 H ig h - Pre ss u re  C o n s o l i d a t i o n  Tes t i n g  Procedures and
Equi pment
Two d i f f e r e n t  h i g h - p r e s s u r e  c o n s o l i d o m e t e r s  were used 
to  o b t a i n  the  c o n s o l i d a t i o n  data analyzed f o r  t h i s  s t u d y .  
One belonged to  the Army Corps o f  Engineers and the o th e r  
was a USGS a p p ara tu s .  This  au tho r  used the USGS c o n s o l i -  
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Figure 14 -  VOID RATIO VERSUS LOG PRESSURE CURVE
ILLUSTRATING DEPOSITION, SAMPLING (UNLOADING) 
AND LABORATORY RECONSOLIDATION IN THE 
CONSOLIDATION TEST APPARATUS (modified from 
Holtz and Kovacs, 1981).
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samples f rom Hayes, South Dakota.  E igh t  c o n s o l i d a t i o n  
t e s t s  on P i e r r e  Shale samples f rom Hayes were run on the  
Corps o f  Engineers  appara tus  by t h e i r  t e c h n i c i a n s .  No
d e t a i l s  were a v a i l a b l e  f rom the Corps o f  Engineers
co nc ern ing  sample p r e p a r a t i o n  te ch n i qu es  and mechanical  
aspects  o f  t he  c o n s o l i d o m e t e r . T h e r e f o r e ,  t he  c o n s o l i ­
d a t i o n  data o b ta in e d  f rom the Corps'  t e s t s  had to  be taken 
at  f ace  v a l u e .
The h i g h - p r e s s u r e  conso1idomete r  used in  condu c t i n g  
the  s i x  USGS c o n s o l i d a t i o n  t e s t s  f o r  t h i s  s tu d y  i s  shown 
in  F i gu res  15 and 16. In a d d i t i o n  to  being des igned and 
b u i l t  so t h a t  pore f l u i d  f rom the c l a y - s h a l e  specimens
co u ld  be c o l l e c t e d  f o r  chemical  ana lyse s ,  t he  USGS
appara tus  and a s s o c ia te d  systems can a lso be used f o r  
f low-pump p e r m e a b i l i t y  t e s t i n g  and che mi ca l -os m os is  
t e s t i n g .
The ba s i c  appara tus i s  a redeve loped piece of  
equipment  used by H. W. Olsen in the l a t e  1960 's  d u r i n g  
h i s  i n v e s t i g a t i o n s  o f  l i q u i d  movement th rough  k a o l i n i t e  
under h y d r a u l i c ,  e l e c t r i c ,  and osmot ic  g r a d i e n t s  (O lsen ,  
1972) .
F ig u r e  15 i s  a schemat ic  diagram o f  the p r i n c i p a l  
component o f  the USGS h i g h - p r e s s u r e  c o n s o l i d o m e t e r . The 
p r essu re  source f o r  the p i s t o n s  i s  a c u s t o m - b u i l t
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TO PERMEANT/FLOW-PUMP SYSTEM OR PLUGGED
FORCE APPLIED TO PISTON (HYDRAULICS) 
FROM PERMEANT/FLOW -PUMP SYSTEM





23 /8 - 0
UPPER PISTON




O -R IN G  
SEAL
FROM PERMEANT/FLOW-PUMP SYSTEM







FORCE APPLIED TO PISTON 
(HYDRAULICS)
(NOT TO SCALE)
Figure 15 - SCHEMATIC DIAGRAM OF USGS
HIGH-PRESSURE CONSOLIDOMETER.
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F ig u r e  16 -  USGS HIGH-PRESSURE CONSOLIDOMETER.
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h y d r a u l i c  pumping u n i t  which w i l l  d e l i v e r  anywhere between 
400 and 2000 pounds per  square inch ( l b s / i n ^ )  o f  l i n e  
p r e s s u r e .  The l i n e  p ress u r e  can be reduced in  h a l f  t o  as 
low as 200 l b s / i n ^  by go ing th rough  a p r e s s u r e - r e d u c i n g  
v a l v e  on the  a p p a ra tu s ,  or  i t  can be boosted to  as h igh as 
30,000 l b s / i n ^  by go ing th rough  a 1 5 - t o - l  p r essu re  
i n t e n s i f i e r .  The l i n e  p ress u r e  i s  a p p l i e d  t o  the o u t e r  
e n d -s u r fa c e s  o f  4 - i n c h - d i a m e t e r  l o a d in g  p i s t o n s  which in 
t u r n  load the 2 and 3 / 8 - i n c h - d i a m e t e r  p i s t o n s  shown in  the  
sc he ma t i c .  The 2 and 3 / 8 - i n c h  va lue  f o r  t he p i s t o n  
d ia met e r  was s e l e c t e d  a f t e r  a t r i mm in g  te c h n iq u e  f o r  t h e  
sha le  samples was deve loped .  Thi s t e c h i n q u e ,  de s c r ib e d  
l a t e r ,  a l l ows  c o r e d - s h a l e  specimens to  be t r immed to a 
u n i f o rm  d i am ete r  o f  2 and 3 / 8 - i n c h e s .  The diameters of  the 
s a m p l e - c o n t a c t  p i s t o n s  and the  sha le  specimen must match.
A l though  both the upper and l ower  p i s t o n s  can be 
loaded at  the same t i m e ,  d u r i n g  a c o n s o l i d a t i o n  t e s t  o n l y  
one p i s t o n  ( u s u a l l y  t he  upper)  i s  h y d r a u l i c a l 1y loaded and 
the  o t h e r  remains s t a t i o n a r y .  The r e d u c t i o n  i n  p i s t o n  
s i z e  f rom 4 i nches  to  2 and 3/8 inches c r e a t e s  an ap p l i e d  
p r ess u r e  on the sample which i s  2.84 t imes  the  l i n e  
p r essu re  on the 4 - i nch  —d iamete r  l o a d in g  p i s t o n s .  Thus, 
t he  maximum p ressu re  t h a t  can be d e l i v e r e d  to a sample in  
t h i s  c o n s o l i d o m e t e r  i s  85,200 l b s / i n ^ ,  or  6134 tons per
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square f o o t  ( t o n s / f t ^ ) .  The c o n s o l i d a t i o n  t e s t s  
i n d i c a t e d  t h a t  p ressu res  beyond 1000 t o n s / f t ^  were not  
necessa ry  f o r  c o n s o l i d a t i n g  the  P i e r r e  Shale samples;  i n  
o t h e r  words,  v i r g i n  compress ion ,  as i n d i c a t e d  by the 
e - l o g  p c u r v e s ,  was achieved long b e f o re  r eac h in g  1000 
t o n s / f t ^ .
As i n d i c a t e d  i n  F igure  15 th e  2 and 3 / 8 - i n c h - d i a m e t e r  
l o a d i n g  p i s t o n s  ( s t a i n l e s s  s t e e l )  ope ra te  i n s i d e  o f  a 
m i c a r t a  (epoxy-bonded g lass  f i b e r s )  s le e v e .  This 
ar rangement  was necessa ry  f o r  two reasons :  1) when bo th
the  s leeve  and p i s t o n s  are made ou t  o f  s t a i n l e s s  s t e e l ,  
and i f  a l i g nm en t  o f  t he p i s t o n s  and s leeve  i s  not  
a b s o l u t e l y  p e r f e c t ,  a ve ry  damaging and expens ive 
" l o c k - u p "  w i l l  o c c u r ,  and 2) a c o n f i n i n g  s leeve  made ou t  
o f  n o n - c o n d u c t i v e  m a t e r i a l  i s  needed f o r  the 
o s m o t i c - g r a d i e n t  t e s t s  f o r  which t h i s  appara tus w i l l  be 
used in  the  f u t u r e .
The sha le  specimens t h a t  were used f o r  c o n s o l i d a t i o n  
t e s t i n g  in  the  USGS c o n s o l i d o m e t e r  came f rom cores t h a t  
were o b ta in e d  d u r i n g  a 1982 d r i l l i n g  program conducted 
near Hayes, South Dakota.  The cores rep r e se n te d  5 - f t  
s e c t i o n s  taken at  5 0 - f t  i n t e r v a l s  down th rough 595 f e e t  o f  
t h e  P i e r r e  Shale sequence.  The cores were t r a n s p o r t e d  to  
Denver,  Colorado where,  a f t e r  be ing x - r a y e d ,  they  were 
p laced in  co ld  s to ra g e  in  s e m i - u p r i g h t  p o s i t i o n  s t i l l
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sealed i n s i d e  the 5 - f t  l e n g t h s  o f  s t e e l  d r i l l  t ube.  The 
i n t e r v a l s  f o r  subsampl ing f o r  c o n s o l i d a t i o n - t e s t  specimens 
were s e l e c t e d  a f t e r  exa mina t i on  o f  the r a d i o g r a p h s .
Because o f  t he  age o f  t he  cores (2 years o l d  at  the t im e  
o f  the t e s t s ) ,  t he  t ime a v a i l a b l e  f o r  t e s t i n g  to  be 
comp le ted ,  and the l e n g th  o f  t ime r e q u i r e d  f o r  each t e s t ,  
i t  was dec ided t h a t  s i x  specimens f rom s i x  even ly -spaced  
depths would be s u f f i c i e n t  f o r  the t e s t  program.  Thus, 
when the  subsampl ing and t e s t i n g  were comp le ted ,  
l a b o r a t o r y  c o n s o l i d a t i o n  i n f o r m a t i o n  was a v a i l a b l e  f rom 
depths o f  96 f t ,  159 f t ,  232 f t ,  412 f t ,  502 f t ,  and 564 
f t  f o r  the core f rom s i t e  H12 at Hayes.
C o n s o l i d a t i o n  t e s t i n g  s t a r t e d  in mid-1984 and was 
completed by the end o f  t he  same y e a r .  Six o t h e r  
specimens f rom H12 had been used f o r  pore f l u i d  e x t r a c t i o n  
i n  the  h i g h - p r e s s u r e  c o n s o l i d o m e t e r  p r i o r  to  the s t a r t  o f  
c o n s o l i d a t i o n  t e s t i n g .
Each o f  the s i x  samples s e le c t e d  f o r  c o n s o l i d a t i o n  
t e s t i n g  was s u b je c t e d  to  the  same type o f  p r e p a r a t i o n  f o r  
t he  t e s t .  Because o f  v a r i a t i o n  in  d iameter  o f  the core 
f rom the nominal  2 and 7 / 1 6 - i n c h - v a l u e , and o t h e r  
c o r e - s u r f a c e  a b e r r a t i o n s  r e l a t e d  to d r i l l i n g  and s t o ra g e ,  
a d e c i s i o n  was made to  t r i m  a l l  c o n s o l i d a t i o n  t e s t  
specimens a p p r o x im a t e ! y  1/16 inch to a d ia mete r  o f  2 and
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3/8 i nch es .  A s i x - i n c h - 1ong p iece o f  i n t a c t  sha le  was 
chosen f rom the 5 - f t  s e c t i o n  o f  co r e .  The sample was then  
s p l i t  i n t o  two 3 - i n c h - l o n g  p ie c e s .  One p iece was wrapped 
in  f o i l  and saved and the o t h e r  one was p laced in  a 
t r imm ing  dev i ce  des igned e s p e c i a l l y  f o r  use on these shale 
s ample s .
The t r im m in g  d e v i c e ,  shown in F igure  17, was a 
m o d i f i e d  s o i l - l a t h e  which was adapted f o r  use on a d r i l l  
p r es s .  The c u t t i n g  b i t  remained s t a t i o n a r y  w h i l e  the 
sample r o t a t e d  and a 1 and 1 / 2 - i n c h - l o n g  s e c t i o n  o f  t h e  
specimen was t r immed to a d ia mete r  o f  2 and 3/8 i nches .
A s p l i t - r i n g  c o l l a r  was clamped around t h i s  exposed 2 and 
3 / 8 - i n c h - d i a m e t e r  s e c t i o n .  Thi s " secu re d"  1 and 
1 / 2 - i nch -1ong p iece  was cu t  away f rom the r e s t  o f  t h e  
sample and the  ends were t r immed (ground)  u n t i l  a r i g h t -  
c i r c u l a r  c y l i n d e r  was formed.  A water  spray  m i s t  was used 
on the sample d u r i n g  t h i s  t r i mm in g  procedure to  keep the 
sha le  f rom d r y i n g  o u t .
The d i f f i c u l t y  i n  t r im m ing  the ends of  the samples 
v a r i e d  and as a r e s u l t  the h e i g h t s  o f  t he s i x  t e s t  
specimens a l so v a r i e d .  The t r immed h e ig h ts  ranged from 
a p p r o x i m a t e l y  one to  o n e - a n d - a - h a l f  i n ch e s .  A d i a m e t e r -  
t o - h e i g h t  r a t i o  o f  at l e a s t  2.5 is  recommended f o r  one­
d i mens iona l  c o n s o l i d a t i o n  t e s t i n g  (Brumund and o t h e r s ,  
1976) .
- 3 2 0 2
F ig u r e  17 -  TRIMMING DEVICE FOR CORED 
SHALE SPECIMENS.
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3.4 Corps o f  Engineers  Test  Data and Maximum-Past-
Overburden Values
E i g h t  P i e r r e  Shale samples f rom s i t e  H2 cores were 
t e s t e d  by the  Corps o f  Engineers  at  t h e i r  d i v i s i o n  l a b o r ­
a t o r y  i n  Omaha, Nebraska.  The r e s u l t s  o f  these h i g h -  
p ressu re  conso1id omete r  t e s t s  are presented  in F igures  18 
th rough  25 as vo id  r a t i o  (e) versus log p ressu re  ( l o g  p) 
c u r v e s .  In each o f  t he e i g h t  t e s t s  the maximum v e r t i c a l  
p ressu re  t h a t  was a p p l i e d  was 350 tons per square f o o t  
(342 kg/cm2 ) .
In a d d i t i o n  to  the  l o a d in g  ( recompress ion )  pa r t  of  
t he  c o n s o l i d a t i o n  cu rve  ( g e n e r a l l y  concave down on e - l o g  p 
p l o t s )  each o f  t he e i g h t  p l o t s  a lso shows a s w e l l i n g  
( rebound)  segment.  This  rebound phase o f  the t e s t  (where 
the curve i n d i c a t e s  a s w e l l i n g  o f  the sample to  a vo id 
r a t i o  h i g h e r  than the  i n i t i a l  vo id  r a t i o  e0 ) i s  shown 
s im p ly  because i t  was a p a r t  o f  the o v e r a l l  c o n s o l i d a t i o n  
t e s t  conducted by the  Corps o f  Eng inee rs .  For a l l  
p r a c t i c a l  purposes,  t h i s  f i n a l  rebound phase i s  not  needed 
f o r  d e t e r m i n i n g  p r e c o n s o l i d a t i o n  p ressu res  when us ing the 
Casagrande c o n s t r u c t i o n .  The s i g n i f i c a n c e  o f  t h i s  rebound 
cu rve  and what i t  i n d i c a t e s  as r e l a t e d  to  p r e c o n s o l i d a t i o n  
w i l l  no t  be d i scussed  he re .
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CORPS OF ENGINEERS TESTS
1950* ELEVATION
=  *565
P. =  120 t o n / f t
100
Consolidation Pressure, to n / f t *
10
Figure 18 - LAB CONSOLIDATION CURVE, H2 7 8 \
1928* KLEVAT10N
e ,  =  .604
P c  = 1 3 0  t o n / f t
1000101 100
Consolidation Pressure, to n /f t*
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CORPS OF ENGINEERS TESTS
1905* ELEVATION
• .  =  .591
J*. = 1 2 2  t o n / I t
100 H101
Consolidation Prassuro, to n /f t *
Figure 20 -  LAB CONSOLIDATION CURVE, H2 125'.
1855’ ELEVATION
754
120 t o n / t t
Consolidation Pressure, to n / f t *
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P, =  150 t o n / f t 1
.400
Consolidation Prossuro, to n / f t *
Figure 22 -  LAB CONSOLIDATION CURVE, H2 235 '.
1668’ ELEVATION
530
P, = 1 4 0  to n / f t
1000101
Consolidation Prossuro, to n /f t *
100
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P* = 1 2 3  to n / f t
1 10 
Consolidation Pressure, ton/ft  *
Figure 24 - LAB CONSOLIDATION CURVE, H2 482' .
1542’ ELEVATION
o. =  .619
.000
Pt = 1 3 0  to n / f t
Consolidation Pressure, ton / f t *
Figure 25 - LAB CONSOLIDATION CURVE, H2 488' .
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The Casagrande c o n s t r u c t i o n  (Casagrande,  1936) used 
in  d e t e r m i n i n g  the p r e c o n s o l i d a t i o n  p ressu re  o f  each 
sample i s  a lso shown in F igures  18 through 25. Once the 
p r e c o n s o l i d a t i o n  p ressu res  were d e te rm ine d ,  the o v e r ­
c o n s o l i d a t i o n  r a t i o s  (OCR) and the ove rco ns o1i d a t i o n  
d i f f e r e n c e s  (OCD) were c a l c u l a t e d .  The p re se n t  day 
( e s t i m a t e d  in  s i t u )  v e r t i c a l  e f f e c t i v e  s t r e s s  p0 ' 
va lues  f o r  the H2 samples were determined by t a k i n g  t h e
s a t u r a t e d  u n i t  we igh t  and s u b t r a c t i n g  the u n i t  we igh t  of
s a l t  water  (64 l b s / f t ^  or 1.025 g/cm^) to  get  t he
submerged u n i t  w e i g h t .  The submerged u n i t  we igh t  was then
m u l t i p l i e d  by the amount o f  e x i s t i n g  overburden to 
de te rm ine  the v e r t i c a l  e f f e c t i v e  s t r e s s .  These s t r e s s  
va lues  are re a s o n a b ly  ac c u ra te  i f  i t  i s  assumed the P i e r r e  
Shale sequence i s  s a t u r a t e d  f rom the s u r fa c e  down. This 
assumpt ion i s  b a s i c a l l y  v a l i d  as i n d i c a t e d  by the s a t u r a ­
t i o n  measurements t h a t  were done on samples f rom both H2 
and H12 cores ( u n p u b l i s h e d  da ta  f rom Corps o f  Engineers 
and U.S. Geo log i ca l  S u r v e y ) .
Table 2 l i s t s  Pc , P0 ‘ , OCR, OCD, and c a l c u l a t e d  
amount o f  pas t  overbu rden  f o r  each t e s t e d  sample f rom s i t e  
H2 at  Hayes, South Dakota.  Under the column l i s t i n g  the 
Pc va lues  t h e r e  are t h r e e  numbers shown ( s e pa r a te d  by 
hyphens)  f o r  each sample.  The f i r s t  and l a s t  numbers 
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va lues and the Pc range t h a t  they d e f i n e  were not  used 
in  c a l c u l a t i n g  any amounts o f  past  ov e rbu r den ;  o n l y  th e  
m i dd le  va lue  i n  the Pc column was used. The va lues in 
the  l a s t  column o f  the t a b l e  i n d i c a t e  the amount o f  o v e r ­
burden t h a t  has been eroded away from above a 2100 f t  
e l e v a t i o n  datum plane ( r e f e r e n c e  e l e v a t i o n ) .
The rounded average f o r  the g e o t e c h n i c a l l y  d e r i v e d  
amount o f  past  ove rburden (above 2100 f t  e l e v a t i o n )  at  
s i t e  H2 i s  3600 f e e t  (1100 m) . This amount o f  past  o v e r ­
burden was c a l c u l a t e d  based on the assumpt ion t h a t  the 
e n t i r e  sequence o f  sed iments  was c o n t i n u a l l y  acted upon by 
buoyant  f o r c e s .  Buoyancy and i t s  r o l e  in the d i s c r e p a n c y  
i ss u e  are d i scussed  in  Chapter  4.
3 .5  U.S. G e o lo g i c a l  Survey Test Data and Maximum-Past-
Overburden Values
Six  P i e r r e  Shale samples f rom s i t e  H12 cores were 
t e s t e d  by t h i s  au tho r  us ing a h i g h - p r e s s u r e  c o n s o l i d o m e t e r  
l o c a t e d  at  the USGS g e o t e c h n ic a l  l a b o r a t o r y  in Denver,  
Co lo rado .  The r e s u l t s  o f  t hese t e s t s  are p resen ted  in  
F ig u r e s  26 th rough  31 as vo id  r a t i o  (e) versus log 
p r essu re  ( l o g  p) c u r v e s .  In f i v e  o f  the s i x  t e s t s  the  
maximum v e r t i c a l  p r essu re  t h a t  was a p p l i e d  was 350 tons 















































































































































































































































a f i n a l  a p p l i e d  p r essu re  o f  1160 t o n s / f t ^  (1133 
kg /cm^) .
A f t e r  d e t e r m i n i n g  Pc and p0 1 f o r  each of  the US6S 
samples,  t he  OCR, OCD, and amount o f  past  overburden were 
c a l c u l a t e d .  These va lues  are l i s t e d  in Table 3. The 
d i s c u s s i o n  p resented in the  p r e v i o u s  s e c t i o n  t o  e x p l a i n  
Table 2 a l so  a p p l i e s  to  Table 3.
The rounded average f o r  the g e o t e c h n i c a l l y  d e r i v e d  
amount o f  past  overburden (above 2100 f t  e l e v a t i o n )  at 
s i t e  H I2 i s  5000 f e e t  ( 1525 m).
3 .6  A d d i t i o n a l  I n t e r p r e t a t i o n  of  Corps of  Engineers
and USGS Data
In t h i s  s e c t i o n ,  t h r e e  f i g u r e s  are p resented which 
a l l o w  f o r  a compar ison between the Corps o f  Engineers and 
U.S. Ge o lo g i ca l  Survey t e s t  da ta .  F igures  32 and 33 show 
t e s t  da ta  f rom t h i s  s t u d y ,  w h i l e  F i gu r e  34 i s  a concep tua l  
di  agram.
F ig u re  32 shows the  p l o t  o f  o v e r c o n s o l i d a t i o n  r a t i o  
(OCR) versus  depth f o r  both the Corps o f  Engineers and 
USGS t e s t s .  A v i s u a l  b e s t - f i t  curve was drawn th rough a l l  
o f  t he p o i n t s .  By p i c k i n g  OCR va lues  f rom t h i s  curve and 
b a c k - c a l c u l a t i n g ,  t he  e s t i m a t e d  va lue  o f  past  overburden 
f o r  s i t e  H2 was 3780 f t  (1152 m) and f o r  H12 was 4740 f t  
(1445 m) . As w i t h  the  c a l c u l a t i o n s  done in Sect ions  3.4
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and 3 . 5 ,  these  overburden th i c k n e s s e s  are based on the 
assumpt ion t h a t  buoyant  f o r c e s  c o n t i n u a l l y  acted 
th ro u g h o u t  the e n t i r e  s t r a t i g r a p h i c  s e c t i o n .
F i gu r e  33 shows the  p l o t  o f  o v e r c o n s o l i d a t i o n  
d i f f e r e n c e  (OCD) versus  depth f o r  both the  Corps o f  
Engineers and USGS t e s t s .  Th i s  diagram g r a p h i c a l l y  
i l l u s t r a t e s  the  f a c t  t h a t  the c l a y  sha le  i s  o v e r ­
c o n s o l i d a t e d .  The average OCD va lues d e p i c t e d  f o r  t he  H2 
and H12 t e s t  samples,  121 and 167 t o n s / f t ^  r e s p e c t i v e l y ,  
are the same va lues  r e p o r t e d  in  Tables 2 and 3. The 
va lues  f o r  t he  i n d i v i d u a l  OCD data p o i n t s  and the 
c o r re s p o n d in g  ove rburden th i c k n e s s e s  can a l so  be found i n  
the t a b l e s .  The dashed l i n e  at t he OCD va lu e  o f  36 t o n s /  
f t ^  i s  d i scussed  in Chapter  4.  An a n a l y s i s  o f  why 
d i f f e r e n t  Pc , or  OCD, va lues  were ob ta in e d  f o r  the Corps 
and USGS cores w i l l  not  be p resented he re .  S imply  p u t ,  
t hough ,  i t  i s  a r e f l e c t i o n  o f  d i f f e r e n c e s  in sampl ing and 
t e s t i n g  t e c h n iq u e s  f o r  t he two co res .
The g r a p h i c a l  r e p r e s e n t a t i o n s  of  conso l i da t i on  s t a t e  
f o r  the P i e r r e  Shale at  s i t e s  H2 and H12 ( F i g u r e s  32 and 
33) d e p i c t  p r o f i l e s  t h a t  can be cons ide red  q u i t e  t y p i c a l  
f o r  a submerged sediment  t h a t  i s  ov e rc o n so 1i d a t e d  due to  
removal  o f  overburden f rom an i n i t i a l l y  n o r m a l l y  
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Conversion o f geo log ica lly  determined thickness o f 
maximum past overburden to a preconsolidation pressure:
•used submerged u n it weight o f 65 lbs/cu f t ,  
an average value (from unpublished Corps o f Engrs. 
and USGS da ta ).
•1100 f t  x 65 lbs/cu f t  * 2000 = 35.8 tons/sq f t
Figure 33 - OCD VERSUS DEPTH PROFILE
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C o n c e p t u a l l y ,  F i gu r e  34(b)  shows the OCR v a r i e s  w i th  depth 
and in c r e as e s  d r a m a t i c a l l y  near the ground s u r f a c e ,  
whereas F igure  34(c )  shows the  OCD i s  a co n s ta n t  w i th  
depth whose magni tude equa ls  the buoyant  we ight  o f  t he  
overburden removed.
Whi le  the v a r i a t i o n  o f  OCR or OCD w i th  depth has been 
i n v e s t i g a t e d  i n  p r e v i o u s  s t u d i e s ,  the v a r i a t i o n  o f  a 
max imum-pas t -overbu rden  d i s c r e p a n c y  w i t h  depth has n o t .





















































































4. COMPARISON OF GEOLOGICAL AND
GEOTECHNICAL ESTIMATES OF MAXIMUM 
PAST OVERBURDEN
In t h i s  chapte r ,  two t a b l e s  are presented  which a l l o w  
f o r  a compar ison between g e o l o g i c a l  and g e o t e c h n ic a l  
e s t i m a t e s  o f  maximum past  ove rbu rden .  In a d d i t i o n ,  one 
f i g u r e  and an accompanying data  t a b l e  are presented  which 
a l l o w  f o r  an e x am in a t i o n  of  the v a r i a t i o n  of  the maximum- 
p a s t - o v e r b u rd e n  d i s c r e p a n c y  w i t h  depth — the d i s c r e p a n c y  
being t h a t  between the g e o l o g i c a l  and g e o t e c h n i c a l  
e s t im a t e s  o f  maximum t h i c k n e s s  o f  past  ov e rb u r de n .
Table 4 summarizes the va lues of  maximum past o ve r ­
burden r e p o r t e d  by o t h e r  i n v e s t i g a t o r s  who have made 
compar isons between g e o l o g i c a l l y  and g e o t e c h n i c a l 1y 
de te rm ined amounts o f  past  overburden f o r  the P i e r r e  Shale 
and e q u i v a l e n t  c l a y  s h a le s .
Tab le  5 compares the g e o t e c h n ic a l  and g e o l o g i c a l  
e s t i m a t e s  made d u r i n g  t h i s  s t u d y .  F igu re  35 and Table 6 
p r e s e n t  t he  da ta  t h a t  shows how the maximum-past -overburden 
d i s c r e p a n c y  v a r i e s  w i t h  de p th .  F igu re  35 shows the p l o t  o f  
d i s c r e p a n c y  r a t i o  ve rsus  depth f o r  both the H2 and H12 
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TABLE 5 -  Comparison o f Estimates o f Maximum Past (Verburden 
fo r the P ierre  Shale at Hayes, South Dakota
METHOD Pr or OCD
GEOLOGICAL:
Geologic F ie ld  Work 
from th is  Study
Harksen and Macdonald's 
Map (see Figure 5)
FORMER THICKNESS OF SEDIMENT ( f t )  
(using reference e levation  o f 2100 f t . 
above present-day sea le v e l)
Evidence fo r  minimum o f 600 f t .
More reasonable estim ate: 800-1200 f t .
1100 fe e t
Most Reasonable 1100 fe e t
GEOTECHNICAL:
167 t s f  
121 t s f  
157 ts f
127 t s f  
Corps of Engr. Tests 
(see Figure 32)
Assuming buoyancy: 5000 f t .
Assuming no buoyancy: 2550 f t .
Assuming buoyancy: 3600 f t .
Assuming no buoyancy: 1800 f t .
Assuming buoyancy: 4750 f t .
Assuming no buoyancy: 2400 f t .
Assuming buoyancy: 3800 f t .
Assuming no buoyancy: 1950 f t .
USGS Laboratory 
Consolidation Tests
Corps o f Engineers 
Consolidation Tests
OCR vs. Depth P lo t 
USGS Tests 
(see Figure 32)
OCR vs. Depth P lo t
Rounded Averages from 143 ts f  
Geotechnical Values
Assuming buoyancy: 4300 f t .




















-  H12 Surface
-  H2 Surface
1900
See Table 6 fo r
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Figure 35 - DISCREPANCY RATIO VERSUS DEPTH PROFILE.
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TABLE 6 -  D i s c r e p a n c y - R a t i o  Dat a  f o r  H2 and H12
D i s c r e p a n c y  R a t i o  (DR) =
H2
Corps of  Engr .  Tes t s
















1 1 0 0 '
4 1 75 '
1 1 0 0 '
3460 1 




1 1 0 0 '
DR 
= 3 . 2
= 3 . 4
= 3 . 1
= 3 . 5
= 3 . 8
*  3 . 1
= 2 . 7
= 3 . 3
G e o t e c h n i c a l  E s t i m a t e  
G e o l o g i c a l  E s t i m a t e
H12 
USGS Test s


















4 8 10 '
1100 '
= 4 . 5
= 5 . 7
= 3 . 8
= 4 . 1
= 5 . 0
= 4 . 4
a ver age  = 4 . 6
a ver age  = 3 . 3
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The d i s c r e p a n c y  r a t i o  (DR) is the r a t i o  of  the 
g e o t e c h n i c a l  e s t im a t e  o f  maximum past  overburden to t h e  
g e o l o g i c a l  e s t i m a t e .  I f  the DR = 1, t h e re  i s  no 
d i s c r e p a n c y ;  i f  DR > 1, t he  g e o t e c h n ic a l  e s t i m a t e  exceeds 
the  g e o l o g i c a l ;  and, i f  DR < 1, the g e o l o g i c a l  e s t im a t e  
exceeds the  g e o t e c h n i c a l .
To e v a l u a t e  whether  or  not  a d i s c r e p a n c y  i s  
s i g n i f i c a n t  and wa r ra n t s  i n v e s t i g a t i o n ,  two t h i n g s  must be 
c o n s id e re d  — the d i s r e p a n c y  r a t i o  and the magni tude of  the 
t h i c k n e s s  e s t im a te s  the mse lve s .  For a d i s c r e p a n c y  i n  c l a y  
sha les to  be con s id e re d  s i g n i f i c a n t ,  one of  the t h i c k n e s s  
e s t im a t e s  should exceed a thousand f e e t ;  and, s e c o n d ly ,  t h e  
d i s c r e p a n c y  r a t i o  should be g r e a t e r  than or equal  t o  2, or  
l e s s  than or  equal  t o  1 /2 .
By a p p ly in g  the above c r i t e r i a  to  the e s t i m a t e s  g iven  
by p r e v i o u s  i n v e s t i g a t o r s  (Tab le  4 ) ,  o n l y  the P i e r r e  Shale 
d i s c r e p a n c i e s  would wa r ran t  i n v e s t i g a t i o n .  The d i s c r e p a n c y  
r a t i o  f rom the  P i e r r e  Shale e s t im a t e s  i s  4 to  5 w h i l e  the  
a c tu a l  t h i c k n e s s e s  are a thousand f e e t  f o r  a l l  except  the 
g e o l o g i c  e s t i m a t e  p ro v i de d  by F leming.
An i m p o r t a n t  e x p l a n a t i o n  t h a t  needs to  be g i ven  here 
concerns  the manner in  which the  Pc va lues have been 
co nv e r t ed  to  overburden t h i c k n e s s e s .  The assumpt ion has 
been made t h a t  buoyant  f o r c e s  acted th ro u g h o u t  the e n t i r e
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sequence ( f rom su r fa ce  on down) o f  the P i e r r e  Shale and 
o v e r l y i n g  sediment  d u r i n g  and s ince the t ime o f  maximum 
t h i c k n e s s  o f  past  ove rbu r de n .  This assumpt ion most 
c e r t a i n l y  i s  not  c o m p l e t e l y  v a l i d ,  but  i t  i s  c l o s e r  to  t h e  
t r u t h  than the assumpt ion t h a t  no buoyant  f o r c e s  have been 
p r ese n t  t h e r e b y  a l l o w i n g  the  t o t a l  weigh t  o f  a l l  o f  the 
o v e r l y i n g  m a t e r i a l  to  be the c o n s o l i d a t i n g  l o a d .  The t r u e  
answer would p r o b a b ly  i n d i c a t e  t h a t  buoyant  f o r c e s  acted to  
some i n t e r m e d i a t e  dep th .  Convent iona l  g e o t e c h n ic a l  
methods,  however ,  would f a v o r  the assumpt ion o f  buoyant  
f o r c e s  a c t i n g  t h r o u g h o u t  the e n t i r e  sequence of  sediment  
when the  " i n t e r m e d i a t e  s i t u a t i o n "  i s  not  f u l l y  rev ea le d  t o  
the  i n v e s t i g a t o r .  An example f o l l o w s  which shows how much 
d i f f e r e n c e  th e r e  would be between an ove rburden t h i c k n e s s  
va lu e  based on " t o t a l  buoyancy" and one based on "no 
buoyancy ."
For Core H2, Depth 488 f t :
u n i t  we igh t  pore water  -  64 l b / f t ^
submerged u n i t  we igh t  = 62 l b / f t ^
t o t a l  u n i t  we igh t  = 126 l b / f t ^
s u r fa c e  e l e v a t i o n  = 2030 f t
r e f e r e n c e  e l e v a t i o n  = 2100 f t  
sample e l e v a t i o n  = 1542 f t
d i f f e r e n c e  ( e - f )  = 558 f t
p r e c o n s o l i d a t i o n  p r e s s u r e ,  Pc = 130 t o n s / f t ^
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Using submerged u n i t  w e ig h t :
130 t o n s / f t 2 * 62 l b s / f t 3 x 2000 = 4194 f t  
4194 f t  - 558 f t  = 3636 f t  - - - >  3635 f t  
Using t o t a l  u n i t  w e ig h t :
130 t o n s / f t 2 f  126 l b s / f t 2 x 2000 = 2064 f t  
2064 f t  - 558 f t  = 1506 f t  - - - >  1505 f t  
Thus ,
3635 f t  versus 1505 f t .
The no-buoyancy s i t u a t i o n  produces va lues  of  o v e r ­
burden t h i c k n e s s  equal  to a p p ro x im a t e ! y  o n e - h a l f  the 
t h i c k n e s s  va lues  c a l c u l a t e d  f rom the t o t a l - b u o y a n c y  
s i t u a t i o n .  As i n d i c a t e d  in  Table 5, the va lues based on 
t o t a l  u n i t  we igh ts  (no-buoyancy )  are c l o s e r  to  the g e o l o g i c  
e s t i m a t e  o f  past  overburden t h i c k n e s s  (600 to  1100 f e e t ) ;  
however,  i t  should be s t re s s e d  again t h a t  the no-buoyancy 
s i t u a t i o n  i s  not  a r e a l i s t i c  assumpt ion.
The no-buoyancy va lues  presented in  Table 5 he lp  show 
t h a t  r e g a r d l e s s  o f  whether  a t o t a l - b u o y a n c y  or  p a r t i a l -  
buoyancy s i t u a t i o n  i s  used,  a s i g n i f i c a n t  d i s c r e p a n c y  i n  
max imum-past -overbu rden  e s t i m a t e s  e x i s t s  f o r  the Hayes 
s tu d y  s i t e .
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In the o v e r c o n s o l i d a t i o n  d i f f e r e n c e  versus depth p l o t  
( F i g u r e  33) o f  t he p r e v i o u s  c h a p t e r ,  t he dashed l i n e  at 
36 t o n / f t ^  re p r e s e n t s  a s t r e s s  va lue  t h a t  was co nve r ted  
f rom the "most  rea so n a b le "  o f  t he g e o l o g i c a l l y  de t e rm in ed  
t h i c k n e s s e s  o f  maximum past  ove rbu rden.  The c o n ve rs io n  i s  
based on the  t o t a l - b u o y a n c y  assumpt ion.
For the Hayes s t udy  s i t e ,  the s i n g l e  va lue  t h a t  bes t  
r e p r e s e n t s  the g e o t e c h n i c a l 1y determined t h i c k n e s s  o f  
maximum past  overburden i s  based on a p r e c o n s o l i d a t i o n  
p r es su re  Pc of  143 t o n s / f t ^ .  143 t o n s / f t ^  c o n ve r t s  
t o  4300 f e e t  o f  overburden i f  the assumpt ion i s  made t h a t  
t h e  e n t i r e  sequence of  sediments was c o n t i n u a l l y  acted upon 
by buoyant  f o r c e s .
The va lu e  t h a t  best  r e p r e s e n t s  the g e o l o g i c a l l y  
de te rm ined t h i c k n e s s  o f  maximum past  overburden at t h e  
Hayes s i t e  i s  1100 f e e t . As ment ioned b e f o r e ,  f o r  the 
t o t a l - b u o y a n c y  s i t u a t i o n ,  1100 f e e t  o f  P i e r r e  Shale 
ove rburden produces a v e r t i c a l  e f f e c t i v e  s t r e s s  of 
36 t o n s / f t ^ .
The d i s c r e p a n c y  r a t i o  can be c a l c u l a t e d  f rom e i t h e r  
t he  t h i c k n e s s  va lues  or the s t r e s s  v a lu e s .  For the  Hayes 
s t u d y  s i t e ,  t he r a t i o  o f  4300 f e e t  t o  1100 f e e t ,  or  143 t s f  
t o  36 t s f ,  produces a DR equal  to  4. This i s  a s i g n i f i c a n t  
d i s c r e p a n c y .
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To examine the d i s c r e p a n c y  versus  depth i s s u e ,  t he DR 
was c a l c u l a t e d  f o r  each sample used in the Corps o f  
Engineers  and USGS t e s t s .  The g e o t e c h n i c a l 1y determined 
overburden t h i c k n e s s  va lu es  used in  c a l c u l a t i n g  the  DR's 
were the ones shown in Tables 2 and 3. The g e o l o g i c a l l y  
de termined t h i c k n e s s  used was 1100 f e e t .
The d i s c r e p a n c y  r a t i o  versus depth p l o t  is  shown in 
F igu re  35; Table 6 c o n t a i n s  the data used f o r  making the  
p l o t .  P r e d i c t a b l y ,  t he da ta  p o i n t s  produce a p r o f i l e  t h a t  
i s  e x a c t l y  t he  same in  appearance as the o v e r c o n s o l i d a t i o n  
d i f f e r e n c e  (OCD) versus  depth p r o f i l e  o f  F igure  33. This 
occurs  because,  i n  t he c a l c u l a t i o n  o f  DR, the g e o l o g i c  
t h i c k n e s s  (d eno m ina to r )  o f  the eroded m a t e r i a l  i s  the same 
r e g a r d l e s s  o f  sample d e p th ,  w h i l e  the  g e o t e c h n i c a l  
t h i c k n e s s  (numera to r )  is based on the OCD f o r  a p a r t i c u l a r  
de p th ;  t h u s ,  DR v a r i e s  ac co rd ing  to  OCD. Since OCD va lues  
are s i m p ly  Pc va lues  t h a t  have been a d j us te d  to  the 
ground s u r f a c e ,  and t h e o r e t i c a l l y  should  not  change w i t h i n  
an homogenous l i t h o l o g y ,  t h e i r  v a r i a t i o n  w i t h  depth i s  a 
r e f l e c t i o n  o f  d i f f e r e n c e s  i n  the t e s t  samples and/or  
t e s t i n g  t e c h n i q u e s ,  as ment ioned in  Sec t i on  3 .6 .  I f  the 
two t h i c k n e s s e s ,  used in  c a l c u l a t i n g  the DR, had the 
p r e s e n t - d a y  amount of  overburden (depth  to  sample) added to 
them, then the DR w i t h  depth would a s y m p t o t i c a l l y  approach
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the va lu e  o f  1. Thus, i f  DR va lues  are c a l c u l a t e d  based 
s o l e l y  on the eroded t h i c k n e s s  o f  ove rb u r de n ,  as has been 
done in  t h i s  s t u d y ,  t hen minor  ma themat i ca l  v a r i a t i o n  is  
avoided in  the smoothed p r o f i l e  o f  DR versus dep th .
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5. ASSESSMENT OF POSSIBLE DISCREPANCY-CAUSING FACTORS
5.1 Chapter  I n t r o d u c t i o n
A d i s c r e p a n c y  has been shown to  e x i s t  between the 
g e o l o g i c a l  and g e o t e c h n ic a l  d e t e r m i n a t i o n s  o f  maximum pas t  
ove rburden f o r  the P i e r r e  Shale at Hayes, South Dakota.
An assessment o f  t he  f a c t o r s  caus ing the d i s c r e p a n c y  
i n v o l v e s ,  p r i m a r i l y ,  an a n a l y s i s  of  the g e o t e c h n ic a l  
d e t e r m i n a t i o n  and not  t he  g e o l o g i c a l .  In o t h e r  words,  t h e  
g e o t e c h n i c a l  e s t im a t e  o f  past  overburden t h i c k n e s s  i s  
g e n e r a l l y  re cogn ized  as being too h igh r a t h e r  than the  
g e o l o g i c a l  e s t im a t e  being too low.  Because a problem 
e x i s t s  in  the g e o t e c h n i c a l  e s t i m a t e ,  an a n a l y s i s  o f  t he  
p r i n c i p a l  f a c t o r s  i n f l u e n c i n g  the d e t e r m i n a t i o n  of  Pc 
f rom l a b o r a t o r y  c o n s o l i d a t i o n  t e s t s  i s  made in o rd e r  to  
r e s o l v e  the d i s c r e p a n c y .  This  a n a l y s i s  i n v o l v e s  g e o l o g i c  
f a c t o r s  as we l l  as l a b o r a t o r y  f a c t o r s .
5.2 Geo log ic  Factors
Of the numerous g e o l o g i c  or  e n v i r o n m e n t a l  mechanisms 
t h a t  have been d e s c r ib e d  as f a c t o r s  in caus ing  s o i l s  to 
be,  or  appear to  be, o v e r c o n s o l i d a t e d  (Brumund, Jonas, and 
Ladd, 1976) ,  o n l y  two w a r ra n t  s e r io u s  ex amina t i on  as ma jo r  
c o n t r i b u t o r s  to  the h igh Pc va lues  e x h i b i t e d  by the
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P i e r r e  Shale.  These two mechanisms are cemen ta t i on  and 
delayed c o n s o l i d a t i o n .  There i s  a t h i r d  g e o l o g i c  f a c t o r  
t h a t  i s  im p o r t a n t  w i t h  r e sp e c t  to dev e l op ing  e l e v a te d  
p r e c o n s o l i d a t i o n  p r e s s u r e s — removal  o f  ove rb u r de n .  Since 
the  f i r s t  h a l f  of  t h i s  r e p o r t  was geared toward 
d e m o n s t r a t i n g  t h a t  e r o s i o n  has occur red  at  t he  Flayes s t u d y  
area (bu t  not  enough e r o s i o n  to account  f o r  t he observed 
h igh  Pc v a l u e s ) ,  t h e r e  w i l l  be no f u r t h e r  d i s c u s s i o n  
about i t  he re .
5 .2 . 1  Cementat ion
An a n a l y s i s  o f  the e f f e c t s  of  cemen ta t i on  on the 
c o m p r e s s i b i l i t y  o f  P i e r r e  Shale was per formed by McKown 
and Ladd (198 2) .  The sha le  samples the y  examined came 
f rom n o r t h e a s t  Nebraska along the M is so ur i  R i ve r  near t h e  
South Dakota b o r d e r .  Th e i r  s tudy  i n v e s t i g a t e d  the 
p o s s i b l e  e f f e c t s  o f  ca rbona te  cemen ta t i on  on the 
c o m p r e s s i b i 1 i t y  and apparent  maximum past  p ressu re  of  the 
P i e r r e  Shale by 1) p e r f o r m i n g  one -d imens iona l  c o n s o l i ­
d a t i o n  t e s t s  on specimens w i t h  and w i t h o u t  l e a c h in g  to 
remove some o f  the ca l c i um  c a rb o n a t e ,  and 2) c o r r e l a t i n g  
va lues  o f  maximum past  p ressu res  e s t im a te d  f rom c o n s o l i ­
d a t i o n  t e s t s  p r e v i o u s 1y per formed on specimens o f  P i e r r e  
Shale w i t h  the amount o f  ca l c ium  carbona te  c o n t e n t  p resen t  
in  t he  t e s t  specimens.
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In summary, t h e y  found:
" 1 .  The r e s u l t s  su ppor t  the c o n c lu s i o n  
f rom p r e v i o u s  re search  t h a t  n a t u r a l  cement-  
t a t i o n  o f  cohes ive  s o i l s  can have a s i g n i ­
f i c a n t  e f f e c t  on the  apparent  maximum past  
p ressu re  e s t im a t e d  f rom c o n s o l i d a t i o n  t e s t  
d at a.
2. R e l a t i v e l y  smal l  amounts o f  ca lc ium 
c a r b o n a t e ,  above a t h r e s h o l d  va lue  o f  about  2 
p e rc e n t  by w e i g h t ,  appear to  cement the 
s t r u c t u r e  o f  t h i s  P i e r r e  Shale,  caus ing 
apparent  maximum past  p ressu res  up to  two to 
t h r e e  t im es  the e s t im a t e d  maximum past  o v e r ­
burden s t r e s s .  However,  CaC03 con te n ts  in 
excess o f  t h i s  t h r e s h o l d  va lue (even up to  50 
pe rc e n t  or  more) produce l i t t l e  f u r t h e r  
i n c r e a s e  i n  the apparent  maximum past  p r e s s u r e .
3. Reduct ion  o f  the CaC03 c o n te n t  o f  a 
c l a y - s h a l e  specimen due to  l e a c h in g  w i t h  a HC1 
s o l u t i o n ,  f rom about  17.0 pe rc en t  t o  about  12.5 
pe rc en t  by w e i g h t ,  caused an i n c r eas e  in 
c o m p r e s s i b i 1i t y  d u r i n g  recompress ion  and a 
l ow er  measured apparent  maximum past  p r e s s u r e . "
McKown and Ladd 's  s tu d y  i n d i c a t e s  ca l c ium c a r b o n a t e
can be a s i g n i f i c a n t  f a c t o r  in  i n c r e a s i n g  the Pc va lues
o f  P i e r r e  Shale.  Thus, i f  the Pc i s  i n c r eased  by
c e m e n t a t i o n ,  then the max imum-past -overburden d i s c r e p a n c y
i s  a l so  i n c r e a s e d .  The da ta  presen ted by McKown and Ladd
does not  lead t h i s  au tho r  to  conc lude t h a t  a d e f i n i t i v e
s ta te me n t  can be made r e g a r d i n g  a 2 pe rcen t  t h r e s h o l d
v a l u e ,  nor t h a t  ce m en ta t i on  can be g i ven complete c r e d i t
f o r  t he  observed high v a lu e s  o f  Pc . No c o n c lu s i o n s  have
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been drawn by t h i s  au th o r  r e g a r d i n g  the p o s s i b l e  e f f e c t s  
o f  c a l c iu m  ca r bo n a te  ce m en ta t i on  on the  maximum past  
p r ess u r e  o f  t he  P i e r r e  Shale at Hayes,  South Dakota.  The 
f a c t  t h a t  c a rb o n a te  m i n e r a l s  e x i s t  in  t h e  P i e r r e  Shale at  
Hayes was v e r i f i e d  by x - r a y  d i f f r a c t i o n  o f  e leven samples 
t h a t  came f rom v a r i o u s  depths  at  core s i t e  H12 ( Ta b le  7 ) .  
The ca rbo na te  m i n e r a l s  p r es e n t  i n c l u d e  s i d e r i t e  (FeC0 3 ) ,  
d o l o m i t e  (MgC0 3 ) ,  and c a l c i t e  (CaC0 3 ) .  Whether or not  
t h i s  ca rb o n a te  m a t e r i a l  i s  a cement ing agent  w i t h i n  the  
c l a y  sha le  i s  not  known. The ca rbona te  percen tages  shown 
in  Tab le  7 are by vo lume,  whereas McKown and Ladd' s were by 
w e i g h t .  A l s o ,  t hese  volume percentages  are app rox imate 
va lues  w i t h  marg ins o f  e r r o r  g r e a t e r  t han 2 p e rc e n t  ( v e r b a l  
communica t i on  w i t h  T. C. N i c h o l s ,  US6S, Denver ,  CO).
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TABLE 7 - Percent Carbonate (by Volume) fo r  P ierre Shale Samples 
from Core S ite  H12 near Hayes, South Dakota
Depth ( f t ) Carbonate % % FeC03 % MgC03 % CaC(
78 7 0 0 - 7
106 21 0 1 20
157 7 0 0 7
207 10 0 0 10
255-260 0 0 0 0
305-310 24 12 0 12
358 1 0 1 0
405-410 2 0 2 0
456.5 1 0 0 1
508 2 0 1 1
559 2 0 0 2
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5 . 2 . 2  Delayed C o n s o l i d a t i o n
A mechanism which may have p layed a s i g n i f i c a n t  r o l e  
in  d e v e lo p in g  the h igh degree o f  o v e r c o n s o l i d a t i o n  observed 
in  the  P i e r r e  Sha le ,  but  which i s  d i f f i c u l t  to  assess,  i s  
de layed c o n s o l i d a t i o n .
When a s o f t  c l a y  i s  s u b j e c t e d  to  a c o n s ta n t  
c o n s o l i d a t i o n  p r e s s u r e ,  t he  r e s u l t i n g  d e f o r m a t i o n s  may be 
d i v i d e d  i n t o  t h r e e  p a r t s .  They are ( f rom M i t c h e l l ,  1967) :
1. Immediate compress ion due to  compress ion o f  
gas in  p a r t l y  s a t u r a t e d  c la y s  and shear 
d e fo r m a t i o n  at  c o n s t a n t  vo lume;
2.  P r i m a ry  c o n s o l i d a t i o n ,  t he  r a t e  o f  which is  
c o n t r o l l e d  by the r a t e  o f  d i s s i p a t i o n  o f  
excess pore wa te r  p r e s s u r e ;  and,
3. Delayed compress ion t h a t  i n v o l v e s  a t i m e -  
dependent  ad jus tmen t  o f  t he  s o i l  s t r u c t u r e .
In essence,  de layed compress ion r e f e r s  to  the  change 
in  vo id  r a t i o  t h a t  occurs  in  a s o f t  c l a y  w h i l e  under a 
c o n s t a n t  e f f e c t i v e  s t r e s s .  In some n o r m a l l y  c o n s o l i d a t e d  
c l a y s  i t  has been found t h a t  de layed compress ion forms the 
g r e a t e r  p a r t  o f  t he t o t a l  compress ion under a p p l i e d  
p r e s s u r e .  B jer rum (1967)  showed t h a t  such c la y s  have 
g r a d u a l l y  deve loped a r e s e r v e  r e s i s t a n c e  a g a in s t  f u r t h e r  
compress ion  as a r e s u l t  o f  t he  c o n s i d e r a b l e  decrease in
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void  r a t i o  which has o c cu r re d  under c o ns ta n t  e f f e c t i v e  
s t r e s s ,  over  the  hundreds or  thousands o f  yea rs  s ince  
s e d i m e n t a t i o n .  These c l a y s ,  a l t hough n o r m a l l y  
c o n s o l i d a t e d ,  appear to  be o v e r c o n s o l i d a t e d  as i n d i c a t e d  
by the Pc to  p0 ' r e l a t i o n s h i p .
The g e o l o g i c a l  h i s t o r y  and c o m p r e s s i b i 1i t y  o f  an 
o v e r c o n s o l i d a t e d  c l a y  i s  d e p ic te d  in F igure 36. As shown, 
the  o r i g i n a l  c o n s o l i d a t i o n  and aging was under e f f e c t i v e  
ove rburden p ressu re  p i .  Reduct ion of  the o v e r ­
burden p ressure  t o  po by e r o s io n  then o c c u r r e d ,  g i v i n g  
an o v e r c o n s o l i d a t i o n  r a t i o  P i / P0 • When the c l a y  i s  
r e l o a d e d ,  compress ion w i l l  be smal l  u n t i l  p ressu re  P2 i s  
reached,  at  which p o i n t  a break in  the curve i s  observed 
and v i r g i n  compress ion resumes.  pi r e p r e s e n t s  the 
" t r u e "  Pc f o r  t he  c l a y  w h i l e  P2 re p r e se n ts  the 
e s t i m a t e d  Pc as de te rmined f rom a l a b o r a t o r y  c o n s o l i ­
d a t i o n  t e s t .  Assuming pi  i s  suppor ted by f i e l d  
ev i d e n ce ,  then the d i s c r e p a n c y  between max imum-past - 
ove rburden e s t im a te s  i s  r e p r e s e n te d  by P2-P1-
The curves  in  F i g u r e  36 are based on data  c o l l e c t e d  
by Bjer rum on s p e c i f i c  Norwegian s o f t - c l a y s  o f  l ess than 
10,000 years  i n  age. No a t te mp t  was made by t h i s  au tho r  
t o  use the  Norwegian data  ( i n  those  l i m i t e d  cases where 
v o id  r a t i o  va lues  were marked on B j e r r u m ' s  e - l o g  p c u r v e s )  
f o r  t he purpose of  e x t r a p o l a t i n g  a Pc va lue f o r  the 
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tenuous r e s u l t s  at  b e s t .  The o n l y  s i m i l a r i t y  between the 
two m a t e r i a l s  i s  p a r t i c l e  s i z e ;  t h e y  both are compr ised 
p r i m a r i l y  o f  c l a y - s i z e d  p a r t i c l e s .
When the  P i e r r e  Shale data i s  examined in l i g h t  o f  
t he  Norwegian d a t a ,  B j e r r u m ' s  curves  should o n l y  be 
co n s id e re d  " c o n c e p t u a l . "  This concept  would ^.appear to  be 
a p p l i c a b l e  to  the  P i e r r e  Shale s ince i t  t oo  was once a 
s o f t  c l a y  o f  young age. Seventy m i l l i o n  yea rs  ( t h e  age o f  
t he P i e r r e )  shou ld  produce a s i g n i f i c a n t  amount o f  de layed 
c o n s o l i d a t i o n  ( r e d u c t i o n  in vo id  r a t i o )  w i t h  co r re s p o n d i n g  
h igh  Pc v a lu es  and a ma jo r  max imum-pas t -overbu rden  
d i s c r e p a n c y .
5 .3  L a b o r a t o r y  F ac to rs
Acc o rd in g  to  Brumund and o th e rs  ( 1 9 7 6 ) ,  t he th r e e  
most i m p o r t a n t  f a c t o r s  i n f l u e n c i n g  the  d e t e r m i n a t i o n  o f  
Pc f rom l a b o r a t o r y  c o n s o l i d a t i o n  t e s t s  are sample 
d i s t u r b a n c e ,  load i nc r emen t  r a t i o ,  and load i n c remen t  
d u r a t i o n .  Brumund's s t u d i e s  were done on c l a y  s o i l s ,  
somet imes s e n s i t i v e  c l a y  s o i l s .
Where p o s s i b l e ,  each o f  the th r e e  f a c t o r s  was 
examined f o r  both the  Corps o f  Eng ineers and US6S t e s t s  o f  
t h i s  s t u d y .  The f i n d i n g s  supported  Brumund's c o n c l u s io n s  
c o n c e r n i n g  the e f f e c t s  on Pc , wh ich ,  in  s imp le  t e rm s ,
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say t h a t  any d e p a r t u r e  f rom id e a l  t e s t  c o n d i t i o n s  
( i n v o l v i n g  the t h r e e  f a c t o r s )  causes the e - l o g  p p l o t  t o  
s h i f t  i n  a manner which lowers  the e s t im a te d  va lue  o f  
Pc , at  l e a s t  f rom the Casagrande c o n s t r u c t i o n .
Since a l o w e r in g  o f  Pc va lues reduces the maximum- 
p a s t - o v e r b u rd e n  d i s c r e p a n c y ,  no f u r t h e r  d i s c u s s i o n  or  
a n a l y s i s  o f  these l a b o r a t o r y  f a c t o r s  i s  w a r ra n t e d ,  
c o n s i d e r i n g  the need i n v o l v e s  f i n d i n g  f a c t o r s  t h a t  cause 
the  Pc va lue s  to  be i n c r e a s e d .
5.4 Chapter  Conc lus ions
Al though somewhat by d e f a u l t ,  t he  o n l y  mechanisms 
t h a t  can be used as p o s s i b l e  e x p l a n a t i o n s  f o r  the observed 
h igh  va lu es  o f  Pc and the  co r re p s o n d in g  high maximum- 
p a s t -o v e r b u rd e n  d i s c r e p a n c y  are cemen ta t i on  and de layed  
c o n s o l i  d a t i o n .
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6. REPORT CONCLUSIONS
As a r e s u l t  o f  t h i s  s t ud y  on e s t im a t e s  o f  maximum 
past  overburden f o r  the P i e r r e  Shale i n  the  Hayes area of  
South Dakota,  t he f o l l o w i n g  co n c lu s io n s  have been reached .
1. Geo techn ica l  e s t i m a t e s  o f  the maximum 
t h i c k n e s s  o f  past  overburden i n d i c a t e  t h a t  
a p p r o x i m a t e l y  4300 f e e t  (1311 m) o f m a t e r i a l  
has been eroded away above a r e fe r e n c e  
e l e v a t i o n  o f  2100 f e e t  at Hayes, South 
Dakota.  Ge o lo g i ca l  e s t im a te s  i n d i c a t e  t h a t  
a p p r o x i m a t e l y  1100 f e e t  (335 m) o f  m a t e r i a l  
has been eroded away.
2.  The g e o t e c h n i c a l l y  determined maximum 
t h i c k n e s s  o f  pas t  overburden i s  a p p r o x i ­
m a te l y  f o u r  t imes  the g e o l o g i c a l l y  
de te rm ined t h i c k n e s s .  This d i s c r e p a n c y  i s  
s ign i f i  c a n t .
3.  In t h i s  r e p o r t ,  " s i g n i f i c a n t  d i s c r e p a n c y "  
has been d e f i n e d  in n o n - s t a t i s t i c a l  t e rm s ;  
the term " d i s c r e p a n c y  r a t i o  (DR)" has been 
i n t r o d u c e d ;  and the v a r i a t i o n  o f  the 
d i s c r e p a n c y  w i t h  depth has been examined.  A 
s i g n i f i c a n t  d i s c r e p a n c y  e x i s t s  when 1) one o f
ER-3202 98
the t h i c k n e s s  e s t im a te s  exceeds a thousand 
f e e t ,  and 2) t he d i s c r e p a n c y  r a t i o  i s  g r e a t e r  
than or  equal  t o  2, o r  l ess  than or equal  t o  
1 / 2 .  The d i s c r e p a n c y  r a t i o  i s  the r a t i o  o f  
the g e o t e c h n i c a l  e s t i m a t e  o f  maximum past  
overburden to  the  g e o l o g i c a l  e s t i m a t e .  The 
v a r i a t i o n  o f  the d i s c r e p a n c y  r a t i o  w i th  depth 
i s  c o n s i s t e n t  w i t h  the v a r i a t i o n  o f  
o v e r c o n s o l i d a t i o n  d i f f e r e n c e  (OCD) w i th  depth 
p r ov id e d  1) the g e o l o g i c a l  e s t im a t e  does 
not  v a r y ,  and 2) both the g e o l o g i c a l  and 
g e o t e c h n i c a l  e s t im a t e s  are va lues  a d ju s t ed  t o  
a common s u r fa c e  datum p lane.
4. The d i s c r e p a n c y  cou ld  be accounted f o r ,  i n  
p a r t ,  i f  t he assumpt ion i s  made t h a t  buoyant  
f o r c e s  were t o t a l l y  l a c k i n g  at some t ime 
d u r i n g  the h i s t o r y  o f  the sed imen ta ry  
sequence.  However,  t h i s  i s  a c o m p l e t e l y  
u n r e a l i s t i c  assumpt ion .
5. To assess the  cause o f  the d i s c r e p a n c y  the  
assumpt ion was made t h a t  t he g e o l o g i c a l l y  
de te rmined va lue  o f  maximum t h i c k n e s s  o f  
past  ove rburden was e s s e n t i a l l y  c o r r e c t .
This l e f t  the g e o t e c h n i c a l 1y determined
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va lue to  be examined f o r  errors;  o r ,  i n  o t h e r  
words,  t he  p o s s i b l e  mechanisms t h a t  could 
cause an e le v a t e d  Pc va lue were examined.
6. The l a b o r a t o r y  f a c t o r s  t h a t  can a f f e c t  t he  
d e t e r m i n a t i o n  o f  Pc a l l  tend to  lower  the 
Pc v a l u e ;  t h u s ,  t he y  were r u l e d  out  as 
p o s s i b l e  e x p l a n a t i o n s  f o r  the d i s c r e p a n c y .  
For the  P i e r r e  Shale,  the g e o l o g i c a l  
mechanisms t h a t  can a f f e c t  Pc and which 
cou ld  be assessed,  q u a l i t a t i v e l y ,  are 
ce men ta t i o n  and de layed c o n s o l i d a t i o n .  
S tud ies  by o t h e r  i n v e s t i g a t o r s  suggest  t h a t  
e i t h e r  mechanism by i t s e l f ,  or  the two 
t o g e t h e r ,  co u l d  account  f o r  t he  high Pc 
va lues  o f  t he  P i e r r e  Shale and, f u r t h e r ,  be 
an e x p l a n a t i o n  f o r  t he maximum-past-  
overburden d i s c r e p a n c y .
7.  Future g e o t e c h n i c a l  s t u d ie s  i n  the P i e r r e  
Shale in  c e n t r a l  South Dakota t h a t  i n v o l v e  
Pc d e t e r m i n a t i o n s  should focus on t r y i n g  
to  q u a n t i t a t i v e l y  de termine the amount o f  
ce m en t a t i o n  and de layed c o n s o l i d a t i o n  t h a t  
has o c c u r r e d .  A l though more work needs to  
be done on i t ,  cemen ta t i on  in  the P i e r r e
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Shale has been s t u d ie d  by o t h e r s ;  t h e r e f o r e ,  
t he  emphasis o f  f u t u r e  s t u d i e s  should be on 
de layed c o n s o l i d a t i o n .
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